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Abstract
The residential sector represents 27% of global energy consumption and 17% of global CO2
emissions. Scaling up what we already know how to do through the use of solar PV technologies
could decarbonise electricity demand and play a considerable role in mitigating climate change.
Therefore, the overall objective of this thesis is to develop a novel step by step approach in
order to assess the potential of implementing roof-top solar PV/battery technologies, defined as
grid-independent systems, that target the complete decarbonisation of electricity demand per
household.
The approach adopted was to use Oman as a primary case study and Mexico as a secondary
case study in order to determine the characteristics of the solar panel and the battery facility
required to provide grid-independence. This was then compared to a similar grid-connected
system and any techno-economic targets necessary to enhance the feasibility of residential roof-
top PV systems were identified. Such an analysis was achieved through developing a detailed
techno-economic mathematical model describing four sub-systems; the solar panel DC source,
the grid-independent sub-system, the grid-connected sub-system and the economic sub-system.
The model was implemented in gPROMS and uses real hourly weather and climate conditions
matched with real demand data, over a simulated period of 20 years. Following the techno-
economic assessment, an enviro-economic analysis was applied to the main case study, Oman,
where the wider impacts of residential roof-top PV systems on the economy and the environment
were assessed through quantifying any financial benefits, avoided CO2 emissions and net jobs
created.
The results indicate that, in the context of the systems studied, grid-independent PV systems are
not feasible. However, combined with a high enough electricity price, grid-independent systems
can become economically feasible with significant reductions in battery costs (>90% reductions).
This can only be achieved through further research and innovation in battery technologies.
Comparatively, with the appropriate electricity prices, PV costs and policies, grid-connected
systems were identified to have great potential in countries that are characterised with high
solar irradiance such as Oman and Mexico. In terms of enviro-economic benefits, residential roof-
top PV systems were found to have the potential to significantly reduce overall CO2 emissions
and result in notable economic benefits to a specific country. However, this is dependent on
the country under consideration. Finally, it was recommended that in order to achieve more
accurate net job creation estimations from renewable systems, country specific models should
be developed since current analytical models are characterised with great uncertainty.
iii
Acknowledgements
I wish to thank both my supervisors, Dr. Niall Mac Dowell and Dr. Kaveh Madani for their
professional guidance throughout the course of this work. Their contribution to my academic
progress is significant.
Special thanks to the Authority of Electricity Regulation in Oman (AER), for providing me with
most of the necessary data needed for this analysis. I wish to particularly thank Miss Bushra
Al-Maskari at AER for all her support and patience. I also want to express my gratitude to
Paloma Ortega Arriaga for her assistance on all works related to Mexico.
I gratefully acknowledge the Ministry of Higher Education-Oman (MOHE) for funding my PhD
at Imperial College. Finally, my deep appreciation goes to my family and friends whose support,
reassurances and love have seen me through to the end.
iv
Dedication
To my mother for her encouragement and my father for his support.
v
Contents
List of Figures ix
List of Tables xiii
List of Equations xiv
1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Case Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.1 Oman . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.2 Mexico . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3 Aims and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.4 Statement of Originality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.5 Outline of this Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2 The Energy Sector in Oman 15
2.1 The Primary (Supply) Sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.1.1 Oil (Crude, NGL and Feedstocks) . . . . . . . . . . . . . . . . . . . . . . 17
2.1.2 Natural Gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.1.3 Alternative Energy Sources . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.1.3.1 Nuclear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.1.3.2 Renewable Energy . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2 The Intermediary Sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2.1 Oil Products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.2.2 Electricity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3 The Demand (End-Use) Sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.3.1 Industry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.3.2 Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.3.3 Residential . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.3.4 Commercial and Public Services . . . . . . . . . . . . . . . . . . . . . . . 29
2.4 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
vi
3 Residential Roof-Top Solar PV Models 33
3.1 Model Design and Construction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.1 DC Source Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.1.1 Solar Radiation on a Tilted Surface (GSIT) . . . . . . . . . . . . 34
3.1.1.2 PV Output (Pm) . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.1.2 Grid-Independent PV System . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.1.2.1 Battery Characteristics . . . . . . . . . . . . . . . . . . . . . . . 41
3.1.2.2 Surplus (P+>0) . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.1.2.3 Shortfall (P+<0) . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.1.2.4 Battery State of Charge (SOC) . . . . . . . . . . . . . . . . . . . 45
3.1.3 Grid-Connected PV System . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.1.4 Economic Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.1.4.1 Costs and Benefits . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.2 Input Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.2.1 Hourly Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.2.1.1 Weather Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.2.1.2 Model Home . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.2.2 Input Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.2.2.1 DC Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.2.2.2 Grid-Connected and Grid-Independent PV Systems . . . . . . . 57
3.2.2.3 Economic Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.3 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4 Techno-Economic Assessment of Residential Roof-Top PV Systems in Mus-
cat, Oman 67
4.1 Technical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.1.1 Supply vs Demand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.1.2 One Year Grid-Independent: Changing PVD and BSD . . . . . . . . . . . 68
4.1.3 One Year Grid-Independent: Changing Solar PV E ciency (⌘ref) . . . . . 71
4.1.4 One Year Grid-Independent: Di↵ering Installation Dates . . . . . . . . . . 73
4.1.5 Five Year Grid-Independent . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.1.6 Twenty Year Grid-Independent . . . . . . . . . . . . . . . . . . . . . . . . 74
4.2 Economic Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.2.1 Grid-Connected System vs Grid-Independent System . . . . . . . . . . . . 77
4.2.2 Increasing Electricity Prices . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.2.3 Technology Cost Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.2.3.1 Grid-Connected System . . . . . . . . . . . . . . . . . . . . . . . 81
4.2.3.2 Grid-Independent System . . . . . . . . . . . . . . . . . . . . . . 83
vii
4.3 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5 Techno-Economic Assessment of Residential Roof-Top PV Systems in La
Paz, Mexico 87
5.1 Input Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.1.1 Weather Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.1.2 Model Home . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.1.2.1 Demand Data (PD) . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.1.2.2 Roof Area (Ar) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.1.3 Input Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.2 Technical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.2.1 Supply vs Demand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.2.2 One Year Grid-Independent: Changing PVD and BSD . . . . . . . . . . . 95
5.2.3 One Year Grid-Independent: Changing Solar PV E ciency (⌘ref) . . . . . 98
5.2.4 One Year Grid-Independent: Di↵ering Installation Dates . . . . . . . . . . 100
5.2.5 Five Year Grid-Independent . . . . . . . . . . . . . . . . . . . . . . . . . . 101
5.2.6 Twenty Year Grid-Independent . . . . . . . . . . . . . . . . . . . . . . . . 101
5.3 Economic Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
5.3.1 Grid-Connected System vs Grid-Independent System . . . . . . . . . . . . 104
5.3.2 Increasing Electricity Prices . . . . . . . . . . . . . . . . . . . . . . . . . . 106
5.3.3 Technology Cost Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . 108
5.3.3.1 Grid-Connected System . . . . . . . . . . . . . . . . . . . . . . . 108
5.3.3.2 Grid-Independent System . . . . . . . . . . . . . . . . . . . . . . 110
5.4 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
6 Enviro-Economic Benefits of Residential Roof-Top PV Systems in Muscat,
Oman 113
6.1 Natural Gas Saved . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
6.1.1 Avoided CO2 Emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
6.1.2 Natural Gas Redirection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
6.2 Net Jobs Created . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
6.3.1 Total Annual Avoided CO2 Emissions and Net Jobs Created . . . . . . . 120
6.3.2 Net Benefits from Natural Gas Redirection . . . . . . . . . . . . . . . . . 122
6.3.3 Potential to Cover PV Costs . . . . . . . . . . . . . . . . . . . . . . . . . 124
6.4 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
7 Conclusions and Directions for Future Work 128
7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
viii
7.2 Directions for Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
7.2.1 Data Collection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
7.2.2 Model Implementation and Development . . . . . . . . . . . . . . . . . . 130
7.2.2.1 Model Input Data . . . . . . . . . . . . . . . . . . . . . . . . . . 131
7.2.2.2 Degree of Grid-Independence . . . . . . . . . . . . . . . . . . . . 131
7.2.2.3 Various Storage Technologies . . . . . . . . . . . . . . . . . . . . 131
7.2.2.4 Support Mechanisms for Grid-Connected PV Systems . . . . . . 131
7.2.3 Demand Reduction and Alteration . . . . . . . . . . . . . . . . . . . . . . 132
7.2.3.1 Building Form and Fabric . . . . . . . . . . . . . . . . . . . . . . 132
7.2.3.2 Solar Cooling Technologies . . . . . . . . . . . . . . . . . . . . . 133
7.2.4 Net Job Creation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
7.2.5 Battery Technological Innovations . . . . . . . . . . . . . . . . . . . . . . 134
Nomenclature 135
Bibliography 143
ix
List of Figures
1.1 Political map of Oman showing the country’s location and its eleven administra-
tive governorates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2 Residential electricity prices in Europe and the United States as compared to
Oman and Mexico in 2013 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3 Chart showing the electricity demand per household in Oman and Mexico com-
pared to the rest of the world . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.4 CO2 emissions per capita in Oman and Mexico for the year 2014 compared to the
rest of the world . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.5 Map showing Mexico’s solar resources and location of La Paz in the southern part
of the state of Baja California (BCS) . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.1 Energy flow chart for Oman for the year 2013 . . . . . . . . . . . . . . . . . . . . 16
2.2 Breakdown of Oman’s CO2 emissions from fuel combustion by sector for the year
2013 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3 Charts depicting the solar energy potential in Oman . . . . . . . . . . . . . . . . 21
2.4 Oil products produced in Oman for the year 2013 . . . . . . . . . . . . . . . . . . 22
2.5 The regions in Oman in which the three electricity markets, MIS, SPS and RAPS
operate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.6 Breakdown of electricity supply in Oman by sector for the year 2014 . . . . . . . 25
2.7 Total final energy consumption of Oman’s end-users by fuel type for the year 2013 26
2.8 The three main residential dwelling archetypes in Oman . . . . . . . . . . . . . . 30
2.9 Breakdown of domestic energy consumption in Oman . . . . . . . . . . . . . . . 30
3.1 Geometric parameters that describe the position of a surface in relation to the sun 35
3.2 Components of GSIT with the elevation angle at solar noon . . . . . . . . . . . . 37
3.3 Schematic of grid-independent PV system . . . . . . . . . . . . . . . . . . . . . . 40
3.4 Image summarising the main characteristics used to describe the functioning of
the battery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.5 Schematic of grid-connected PV system . . . . . . . . . . . . . . . . . . . . . . . 46
3.6 Graph summarising the weather data in Muscat . . . . . . . . . . . . . . . . . . . 50
3.7 Chart summarising the demand data coverage in Muscat by villa, labelled V1 to
V15, for the year 2013 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
x
3.8 Chart illustrating the hourly demand (PD) developed for the model home in Muscat 53
3.9 Flowchart summarising the weighting method used to calculate an average roof
area (Ar) for the model home for Muscat . . . . . . . . . . . . . . . . . . . . . . 55
3.10 Optimum tilt angle ( ) per month in Muscat . . . . . . . . . . . . . . . . . . . . 56
4.1 Graphs showing if solar PV supply in Muscat can exceed demand . . . . . . . . . 69
4.2 Graphs showing the impact of changing PVD and BSD on the grid-independent
system characteristics in Muscat for year n=N-1 . . . . . . . . . . . . . . . . . . 70
4.3 Graph showing the impact of changing the solar PV e ciency (⌘ref) of a grid-
independent system in Muscat from its current 12% to the Shockley-Queisser
limit of 33% on  GI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.4 Image depicting the battery specifications needed to achieve grid-independent
status in Muscat at four di↵erent installation dates of year n=N-1; January,
March, July and September . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.5 Image depicting the annual variation of SOCinitial of a 165 kAh grid-independent
system in Muscat that runs in the final five years of the system lifetime (i.e., from
n=N-5 to n=N-1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.6 Graph showing the minimum CGI needed for the system in Muscat to be grid-
independent at four di↵erent points within its 20 year lifetime (i.e., at n=0, n=5,
n=10 and n=15) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.7 Graph showing the NPV of a grid-connected system vs a grid-independent system
in Muscat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.8 Graphs showing the impact of increasing electricity prices in Muscat on the NPV
of grid-connected and grid-independent systems . . . . . . . . . . . . . . . . . . . 80
4.9 Chart showing the combined impact of increasing electricity prices by up to five
times and reducing the unit cost of the PV panel (UCPV) on the internal rate of
return (IRR) of grid-connected systems in Muscat . . . . . . . . . . . . . . . . . 82
4.10 Chart showing the combined impact of increasing electricity prices, reducing the
unit cost of the PV panel (UCPV) and reducing the unit cost of the battery
(UCBatt) on the internal rate of return (IRR) of grid-independent systems in
Muscat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.11 Image depicting and detailing the solar PV and battery specifications of a grid-
independent house in Muscat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.1 Chart illustrating how the hourly temperature (TA) and irradiance (GSI) data
on the 10th day of January, March, July and September varies in La Paz for the
year 2016 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2 Flow chart describing the methodology used to produce hourly demand data (PD)
for an individual dwelling in La Paz . . . . . . . . . . . . . . . . . . . . . . . . . 90
xi
5.3 Chart illustrating the hourly demand (PD) developed for the model home for La
Paz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.4 Chart summarising the area of houses in Mexico from 2013 to 2017 . . . . . . . . 92
5.5 Optimum tilt angle ( ) per month in La Paz . . . . . . . . . . . . . . . . . . . . 93
5.6 Graphs showing if solar PV supply in La Paz can exceed demand . . . . . . . . . 96
5.7 Graphs showing the impact of changing PVD and BSD on the grid-independent
system characteristics in La Paz for year n=N-1 . . . . . . . . . . . . . . . . . . . 97
5.8 Graph showing the impact of changing the solar PV e ciency (⌘ref) of a grid-
independent system in La Paz from its current 12% to the Shockley-Queisser
limit of 33% on  GI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.9 Image depicting the battery specifications needed to achieve grid-independent
status in La Paz at four di↵erent installations dates of year n=N-1; January,
March, July and September . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.10 Image depicting the annual variation of SOCinitial of a 5 kAh grid-independent
system in La Paz that runs in the final five years of the system lifetime (i.e., from
n=N-5 to n=N-1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
5.11 Graph showing the minimum CGI needed for the system in La Paz to be grid-
independent at four di↵erent points within its 20 year lifetime (i.e., at n=0, n=5,
n=10 and n=15) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.12 Graph showing the NPV of a grid-connected system vs a grid-independent system
in La Paz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.13 Graphs showing the impact of increasing electricity prices in La Paz on the NPV
of grid-connected and grid-independent systems. The impact of introducing an
average, minimum, and maximum PML for grid-connected systems in La Paz is
shown . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
5.14 Chart showing the combined impact of increasing electricity prices by up to five
times and reducing the unit cost of the PV panel (UCPV) on the internal rate of
return (IRR) of grid-connected systems in La Paz . . . . . . . . . . . . . . . . . . 109
5.15 Chart showing the combined impact of increasing electricity prices, reducing the
unit cost of the PV panel (UCPV) and reducing the unit cost of the battery
(UCBatt) on the internal rate of return (IRR) of grid-independent systems in La
Paz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
6.1 Figure summarising the calculations undertaken to quantify the national economic
and environmental benefits of residential roof-top PV systems . . . . . . . . . . . 114
6.2 Domestic gas prices in Oman compared to the rest of the world . . . . . . . . . . 117
6.3 Charts showing the variation in total annual avoided CO2 emissions and net jobs
created as more villas in Muscat are covered with roof-top PV systems . . . . . . 121
xii
6.4 Charts showing how the annual net benefit per household from redirecting the
natural gas saved as a result of roof-top PV installations in Muscat (NGsaved)
changes with gas price (Pgas) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
6.5 Chart showing the change in net value, which is defined as the di↵erence between
the average net benefit generated from natural gas redirection (Section 7.3.2) and
net present cost of both grid-connected and grid-independent systems in Muscat
(Section 4.1.4) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
7.1 Examples of architectural techniques used for demand reduction and alteration . 132
7.2 Solar cooling technologies roadmap . . . . . . . . . . . . . . . . . . . . . . . . . . 133
xiii
List of Tables
2.1 Final subsidy in million OMR, % of total financial subsidy and % of total net
electricity production by the three electricity systems in Oman . . . . . . . . . . 25
2.2 Disaggregation of the industrial sector in Oman into two levels as classified by
ISIC codes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.3 Disaggregation of the transport sector in Oman . . . . . . . . . . . . . . . . . . . 28
2.4 Summary of barriers and recommendations to renewable energy deployment in
Oman . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.1 Residential electricity tari↵ structure in Oman . . . . . . . . . . . . . . . . . . . 58
3.2 List of key inputs required for DC source model . . . . . . . . . . . . . . . . . . . 60
3.3 List of key inputs required for grid-independent and grid-connected PV system
models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.4 List of key inputs required for economic model . . . . . . . . . . . . . . . . . . . 62
3.5 List of model assumptions and reasoning . . . . . . . . . . . . . . . . . . . . . . . 63
3.6 List of input data assumptions and reasoning . . . . . . . . . . . . . . . . . . . . 65
5.1 Residential electricity tari↵ structure in La Paz for the winter months (1st Novem-
ber to 30th April) in 2016 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.2 Residential electricity tari↵ structure in La Paz for the summer months (1st May
to 31st October) in 2016 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
6.1 List of key inputs used to calculate NGsaved and CO2avoided in Muscat . . . . . . 116
6.2 Standard costs in the LNG chain as defined by IRENA’s case study of Oman . . 118
6.3 Employment factors by technology . . . . . . . . . . . . . . . . . . . . . . . . . . 120
6.4 List of assumptions and reasoning for national economic and environmental ben-
efits calculations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
7.1 Breakdown of types of residential sector data . . . . . . . . . . . . . . . . . . . . 130
xiv
List of Equations
3.1 Global solar irradiance on a horizontal plane (GSI) . . . . . . . . . . . . . . . . . 34
3.2 Global solar irradiance on a tilted surface (GSIT) . . . . . . . . . . . . . . . . . . 34
3.3 Declination angle ( ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.4 Elevation angle (↵) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.5 Global solar irradiance on a tilted surface (GSIT) with elevation angle (↵) at solar
noon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.6 General formula for PV power output (Pm) . . . . . . . . . . . . . . . . . . . . . 36
3.7 PV module area (Am) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.8 PV module e ciency (⌘m) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.9 PV cell temperature (Tc) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.10 Power output of PV module (Pm) . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.11 Energy output of PV module (Em) . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.12 Energy demand (ED) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.13 Equation used to determine surplus or shortfall in grid-independent PV system
(P+) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.14 Power used to satisfy demand during surplus (Psat) in grid-independent PV system 43
3.15 Available charge current (IC0) in grid-independent PV system . . . . . . . . . . . 44
3.16 Battery charge power (PBC) in grid-independent PV system . . . . . . . . . . . . 44
3.17 Battery charge capacity (CC) in grid-independent PV system . . . . . . . . . . . 44
3.18 Power exported to grid (Pexp) in grid-independent PV system . . . . . . . . . . . 44
3.19 Power used to satisfy demand during shortfall (Psat) in grid-independent PV system 44
3.20 Available discharge current (ID0) in grid-independent PV system . . . . . . . . . 44
3.21 Battery discharge power (PBD) in grid-independent PV system . . . . . . . . . . 45
3.22 Battery discharge capacity (CD) in grid-independent PV system . . . . . . . . . 45
3.23 Power imported from grid (Pgrid) in grid-independent PV system . . . . . . . . . 45
3.24 Change in battery capacity ( C) in grid-independent PV system . . . . . . . . . 45
3.25 Battery charge at time t (C(t)) in grid-independent PV system . . . . . . . . . . 45
3.26 Battery state of charge at time t (SOC(t)) in grid-independent PV system . . . . 45
3.27 Power used to satisfy demand during surplus (Psat) in grid-connected PV system 46
3.28 Power exported to grid (Pexp) in grid-connected PV system . . . . . . . . . . . . 46
3.29 Power used to satisfy demand during shortfall (Psat) in grid-connected PV system 46
xv
3.30 Power imported from grid (Pgrid) in grid-connected PV system . . . . . . . . . . 46
3.31 Net present cost (NPC) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.32 Net present benefit (NPB) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.33 Net present value (NPV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.34 PV cost (CostPV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.35 Battery cost (CostBattery) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.36 Inverter cost (CostInverter) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.37 Charge controller cost (Costcc) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.38 Lead-acid battery charge/discharge e ciency (⌘Cbatt) . . . . . . . . . . . . . . . 57
6.1 Grid energy saved per household for year n as a result of the roof-top PV system
(Esaved,n) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
6.2 Average annual grid energy saved per household as a result of the roof-top PV
system (Esaved) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
6.3 Average annual grid energy saved per household prior to transmission and distri-
bution as a result of the roof-top PV system (Ess) . . . . . . . . . . . . . . . . . 115
6.4 Heat rate of a power plant (HR) . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
6.5 Average annual natural gas saved per household due to roof-top PV system in-
stallations (NGsaved) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
6.6 Average annual CO2 emissions avoided per household due to roof-top PV system
installations (CO2avoided) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
6.7 Annual short term net benefit per household to Oman from redirecting the saved
natural gas due to roof-top PV systems as LNG export (LNGSTNB) . . . . . . . 117
6.8 Annual long term net benefit per household to Oman from redirecting the saved
natural gas due to roof-top PV systems as LNG export (LNGLTNB) . . . . . . . 118
6.9 Annual net benefit per household to Oman from redirecting the saved natural gas
due to roof-top PV systems to domestic industrial projects (INNB) . . . . . . . . 118
6.10 Total net jobs created per household due to grid-connected systems (NJCG) . . . 119
6.11 Total net jobs created per household due to grid-independent systems (NJCGI) . 119
6.12 Number of villas in Muscat for year n (NVilla(n)). . . . . . . . . . . . . . . . . . . 120
xvi
Chapter 1
Introduction
1.1 Motivation
In 2004, Pacala and Socolow [1] argued that humanity can solve the carbon and climate prob-
lem simply by scaling up what we already know how to do. This was argued to be achievable
through focusing on three main areas; e ciency and conservation, decarbonisation of electricity
and fuels as well as through natural sinks. Given that the residential sector represents 27% of
global energy consumption and 17% of global CO2 emissions [2], using solar PV to decarbonise
its electricity demand could play a considerable role in mitigating climate change. However,
although the uptake of solar PV by the residential sector could take many forms, taking advan-
tage of roof-top PV systems to reduce reliance on grid power is appealing since roof-tops tend
to provide otherwise unused spaces on houses [3] and roof-top PV systems are widely available
[4]. Additionally, solar PV can be installed in a variety of locations with low operation and
maintenance costs making roof-top PV systems applicable to a variety of building archetypes,
including commercial and industrial buildings [4]. Such a system would eliminate transmission
losses and give building occupiers more control and awareness of their power consumption [5].
Finally, this would have long term benefits to a country since it would reduce future investments
on large-scale power plants.
However, one of the major issues with PV systems is that times of peak supply do not necessarily
match with times of peak demand. Therefore, energy storage is essential to balance supply and
demand. This storage could, for example, be in the form of electrochemical batteries, hydrogen
storage or could simply be the electricity grid, where one is available, with batteries the most
common electricity storage devices used in power systems [6]. In countries with an abundance of
insolation, the energy that could be produced with PV systems could exceed the energy demand
and therefore energy storage is essential to ensure the reliability of supply and to move away
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from dependence on the grid.
Most studies on PV systems with battery storage, commonly known as o↵-grid systems, focus
on optimally sizing these systems in remote areas that are isolated from grid connection and
rely on diesel generators for their power supply [7–12]. Sizing in these studies was based on
determining the power and energy rating of the PV and battery facility respectively. Therefore
there was no discussion on the physical size of such systems and no analysis on their practicality.
Since remote areas are generally low in population making the installation cost of an electricity
supply grid high, some of these studies, such as those performed by Dufo-Lopez et al [7], Shezan
et al [8], Maleki and Askarzadeh [9] and Yilmaz et al [10] propose the addition of PV panels
and batteries to the existing diesel generators to form hybrid diesel/PV/battery energy systems.
In such systems, the PV panels improve the supply of electrical energy and reduce reliance on
diesel fuel while the batteries act as back-up and ensure supply when power from the PV and/or
diesel generator is unavailable. Therefore, the required battery size for these hybrid systems was
found to be small (0.2-1 kAh) making them economically feasible while resulting in significant
reductions in diesel fuel consumption and therefore CO2 emissions.
On the other hand, other studies that assess PV/battery systems in remote areas such as the
works of Kazem et al [11] and Ghafoor and Munir [12], attempt to optimally size PV/battery
systems that do not use diesel generators and are designed to cover the low energy demand of
households, such as lighting. Due to limited data availability, the approach taken by Kazem et
al [11] is to use a minimum hourly demand profile for one day for a remote house in Oman and
to assume that this demand is applicable to all 365 days of the year, thereby ignoring seasonal
variations in demand. Despite this, the optimally sized PV/battery system was found to cost
over seven times more than the current cost of electricity in Oman [13], since electricity prices
in Oman are very low. Comparatively, Ghafoor and Munir [12] did not use hourly data, but
daily data to design the PV/battery system for a rural house in Pakistan. They found that the
unit cost of electricity using this system is lower than that from the conventional grid. However,
since the conventional grid is capable of covering all residential demand while this PV/battery
system only covers demand from low energy appliances, the significance of this comparison is
questionable.
For residential buildings that are connected to the grid network, Khoury et al [14] attempts
to optimally size a PV/battery system with the battery as a back-up to the grid instead of
diesel generators during power outages. In a similar manner to the rural areas based studies
discussed above, sizing was based on the power and energy rating for the PV and battery
respectively. Additionally, since the battery was designed to function as a back-up, the optimal
size determined was relatively small at 0.225 kAh. Therefore, their key conclusion was that
such systems have multiple advantages over diesel generators and are well-suited to, as well as
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a↵ordable for, their specific case study of Lebanon. In addition to system sizing, Weigner et al
[15] extends the analysis for residential buildings connected to the grid by assessing the impact
of varying the PV system and battery size on the annual mean values of self consumption rate
and degree of self su ciency. In this analysis, the PV and battery were designed to complement
the grid and not act as a replacement for the grid. They concluded that self-consumption
rate and degree of self su ciency are strongly dependant on the size of the PV system and
battery. Additionally, they performed an economic analysis assessing four cost scenarios, where
they found that by reducing PV and battery cost and assuming a feed-in-tari↵ (FIT) policy
is in place, PV systems with batteries are forecast to be the least cost solution in the long
term. However, since the economic analysis was based on pre-defined cost scenarios, targets
for the required PV/battery cost reductions necessary to make these systems feasible were not
determined. Furthermore, Jenkins et al [16] compares the ability of a lead-acid battery of a
specific size (0.5 kAh or 1 kAh) to store excess energy that would otherwise have been exported
to the grid for three micro-generation scenarios; PV only, PV and wind and PV, wind and
combined heat and power (CHP). The results have shown that while both PV and CHP are
relatively predictable throughout the year, the variability of wind makes sizing the storage device
more problematic. However, there was no mention of the economic or practical feasibility of
such systems.
Since large integration of grid-connected PVs in the network introduces a few technical chal-
lenges including the degradation of the voltage profile from the feeder, some studies such as
Kabir et al [17] and Ratnam et al [18] assessed the benefits of using batteries to reduce these
technical challenges. Kabir et al [17] explored the impact of batteries on minimising grid over-
voltage problems. They concluded that although batteries are currently expensive, they may
have long term benefits in terms of peak shaving. Additionally, although they mentioned that
using batteries will become economically attractive with significant cost reductions in battery
technology, there was no mention of the extent of this required cost reduction. Furthermore,
Ratnam et al [18] assessed the potential of using battery technologies in residential PV systems
to maintain grid voltages within acceptable levels while simultaneously maximising the daily op-
erational savings that accrue to customers. This was explored for a range of financial incentives
o↵ered for PV uptake, such as net-metering and feed-in-tari↵s. It was concluded that the use of
battery technologies is advantageous in terms of maintaining grid voltages, through penalising
reverse power flow and peak loads. Additionally, in the context of feed-in-tari↵s, the daily op-
eration savings of residential customers are maximised when using such systems. However, the
feasibility of the proposed PV/battery system was not discussed.
Given that the cost of electrical energy storage systems plays a pivotal role in future low-carbon
energy systems, Schmidt et al [19] constructed experience curves to project future prices for
eleven electrical energy storage technologies, including batteries. They found that regardless of
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technology, although capital costs currently range from 150 to 2000 USD/kWh, they are on a
trajectory towards 175 ± 25 USD/kWh for battery packs once 1 TWh of capacity is installed
for each technology. Although this price range was confirmed to be feasible by performing a
bottom-up assessment of material and production costs, there was no discussion on how these
projected costs would impact the feasibility of roof-top PV/systems. In addition, it was found
that cumulative global investments of 175 to 510 billion USD would be needed for any technology
to reach 1 TWh deployment, which could be achieved by 2027 - 2040 based on market growth
projections. When compared to country-specific investments in renewable energy for the year
2015; 9 billion USD for Germany and 103 billion USD for China, a global cumulative investment
of 175 to 510 billion USD was argued to be reasonable. Furthermore, it was concluded that the
technology that brings most capacity to the market is likely to be the most cost-competitive.
Since complete independence from the grid using roof-top PV/battery systems represents a case
whereby the electricity demand per household is completely decarbonised while any excess power
produced is stored by a battery instead of being exported to the grid thereby eliminating issues
emerging from connecting to the grid such as over-voltage and reverse power flows, this thesis
develops a novel step by step approach on grid-independent systems to explore the following
gaps that exist in assessing residential roof-top PV systems, mainly PV/battery systems:
• Including physical sizing to the overall sizing analysis of PV/battery systems thereby
allowing for the assessment of the practicality of such systems.
• Assessing the impact of varying technical parameters specific to the individual PV and
battery technologies on PV/battery system feasibility.
• Setting economic targets necessary to make residential roof-top PV systems economically
feasible.
• Evaluating the impact of demand size and demand profile on PV/battery system size.
• Assessing the impact of varying the installation date on PV/battery system size and start-
up conditions.
• Understanding how PV/battery system size evolves over time due to factors such as degra-
dation and variations in demand.
• Analysing the wider impacts of what grid decarbonisation due to roof-top PV systems
means for a particular country/location in terms of CO2 emissions, net jobs created as
well as any financial benefits resulting from fossil fuel savings.
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1.2 Case Studies
In order to evaluate residential roof-top solar PV systems in general, their implementation
on real-life case studies must be assessed. The main case study considered in this thesis is
Oman, introduced in Section 1.2.1 below, where the significance of implementing solar based
power generation, such as photovoltaics, is discussed. For comparative purposes and to gain
further insight on roof-top PV systems, an additional case study, Mexico, was assessed where
the similarities and di↵erences between Mexico and Oman are discussed in Section 1.2.2.
1.2.1 Oman
Oman is located on the south east coast of the Arabian Peninsula with a total population of
3.855 million and an area of 212,460 km2 [20]. Administratively, the country is divided into
eleven governorates as shown in Figure 1.1 [21, 22], where Muscat, the capital, is the most
populated governorate [20]. The temperature in Oman is generally hot and humid, reaching
48  C in the summer months while rainfall is low and irregular [23]. One exception to this is
the southern region of Oman, where heavy monsoon rains regularly occur between June and
September [24].
Oman’s economy is mainly dependent on two main fossil fuels; oil and natural gas [25]. Over 80%
of the domestically produced oil is exported thereby contributing to almost half of the country’s
70 billion USD GDP [20, 26–28]. Furthermore, almost 60% of the exported oil goes to China [29],
whereas almost all of the domestically produced natural gas is consumed internally, primarily
for industry and power generation [25]. As part of the country’s strategy to support economic
development and growth, the price at which gas is sold for domestic use, especially electricity
generation at 1.5 USD/mmBTU [30], is substantially lower than international gas prices which
can go as high as 16 USD/mmBTU [31, 32]. This highlights the high opportunity cost of the
natural gas used in electricity production where foregoing opportunities to use domestically pro-
duced gas for purposes such as export or increasing allocations to industrial projects inflicts real
costs on the government [30]. Additionally, although the government’s focus on the promotion
of industry for economic growth has been successful [31], it has in the recent years pushed the
country to import natural gas in order to meet the rising level of domestic consumption1 [33].
In addition to the low gas prices, the electricity sector in Oman receives an annual direct subsidy
of approximately 750 million USD [30, 37] intended to push the electricity prices to very low
levels as shown in Figure 1.2 [13, 34]; adding further costs on the Omani government.
1Domestic natural gas consumption in Oman has increased due to several factors including increased popula-
tion, increased electricity demand, increased industry and low gas prices which promoted the use of less e cient
technologies [31].
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Figure 1.1: Political map of Oman showing the country’s location and its eleven administrative
governorates [21].
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               Weighted Average Residential Electricity Price (U.S cents per kWh)
Figure 1.2: Residential electricity prices in Europe and the United States as compared to Oman
and Mexico in 2013 [13, 34–36]. From this chart, it is clear that the electricity price in Oman is
very low, where it is fifteen times lower than that of Germany, eleven times lower than Spain and
five times lower than the United States. Additionally, although the electricity price in Mexico
is three times higher than Oman, it is approximately two times lower than the global average.
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Given that almost half of the electricity production in Oman goes to the residential sector [30,
31, 37, 38] and that the electricity demand per household in Oman is amongst the highest in the
world [39, 40] (Figure 1.3), using alternative fuels to generate electricity for the residential sector
could increase gas available for industrial projects or export, generating significant economic
benefits for the country [31]. Additionally, it could reduce or eliminate the need to import
gas from neighbouring countries. One attractive alternative energy source is solar energy, since
Oman has one of the highest solar energy densities in the world at an average that is equivalent
to Spain and twice that of Germany at 6 kWh/m2/day [41, 42]. Additionally, there is significant
scope2 for developing this resource throughout the country where solar irradiance is highest in
the northern and southern parts of the country [43]. Since the latter regions, particularly Muscat,
are characterised with a high population density where over 97% of the country’s population
reside [20] and over 96% of the country’s housing units are situated [44], their urban nature and
reduced land availability makes them more suitable for relatively small-scale solar projects, such
as roof-top PV [31].
A second benefit associated with the replacement of domestic natural gas consumption with solar
energy is the environmental benefit through the reduction in CO2 emissions. Currently, the CO2
emissions per capita in Oman is relatively high, ranking 11th worldwide as shown in Figure 1.4
[45]. This is mainly due to the the energy extraction and conversion sectors particularly oil
drilling, industry, transport and electricity generation [46]. Given that Oman has committed
to control its expected greenhouse gas (GHG) emissions by 2% below the business as usual
(BAU) expected emissions during the period from 2020 to 2030 through its intended nationally
determined contributions (INDC) submission in 2015 [47, 48], increasing the share of solar energy
could serve as a tool to achieve this target. Finally, the solar energy industry could have an
added benefit of driving economic diversification, creating jobs and therefore adding value to
the local economy [31].
2It was found by a report submitted by COWI and Partners [41] that solar energy in Oman has the potential to
provide su cient electricity to meet all of Oman’s domestic electricity requirements and provide some electricity
for export.
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Figure 1.3: Chart showing the electricity demand per household in Oman and Mexico compared
to the rest of the world [39, 40, 49]. This chart shows that Oman’s annual electricity consump-
tion per household at 44 MWh/hh.yr is amongst the highest in the world, comparable only to
other countries in the region such as Kuwait at 40 MWh/hh.yr and Qatar at 31 MWh/hh.yr.
Comparatively, Mexico’s average electricity demand per household is twelve times lower than
Oman but is within the global average.
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Figure 1.4: CO2 emissions per capita in Oman and Mexico for the year 2014 compared to the
rest of the world [45].
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1.2.2 Mexico
Mexico is a country that has thirty three times the population of Oman [51] and nine times the
land size [52]. Yet its average annual demand per household is twelve times lower than Oman as
shown in Figure 1.3 [49]. This is due to the fact that houses in Mexico are eight times smaller
than Oman [53, 54] and electricity prices are three times higher (Figure 1.2) [34–36]. Therefore,
the CO2 emissions per capita in Mexico is four times lower than Oman, as shown in Figure
1.4 [45]. Despite this, following COP21, Mexico was the second country in the world that had
legislated to adopt a binding climate target [55] where the country has committed to reduce
emissions by 25% by 2030 [56]. In order to achieve this objective, more specific targets were
enacted in Mexico’s Energy Transition Law [55]. Notably, the country aims to source 25% of its
electricity generation from clean energy by 2018, 30% by 2021 and 35% by 2024. Currently, 21%
of the power generation is sourced from clean energy [55]. In this sense, clean energy refers to
solar, wind, hydropower, nuclear, thermal power plants with carbon capture and storage, among
others [55, 57].
The above-mentioned targets present a challenge to Mexico because, in a similar manner to
Oman, its economy is one of the most oil-reliant in the world and fossil fuels dominate the
country’s energy mix [55]. Furthermore, there has been a 25% increase in primary energy demand
since 2000 and, similarly, electricity consumption has grown by 50%; accounting for 18% of total
Figure 1.5: Map showing Mexico’s solar resources and location of La Paz in the southern part
of the state of Baja California (BCS) [50].
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energy consumption in 2014 [55]. Therefore, it is fundamental that Mexico diversifies its energy
mix towards renewables in order to meet the targets enacted by Mexico’s Energy Transition
Law and achieve energy security.
Since Mexico has an average daily solar irradiation of 5.5 kWh/m2, solar energy presents an
attractive opportunity for the country to diversify its energy mix where the National Ministry
of Energy (SENER) estimates Mexico’s solar resources to be equivalent to 5,000 GW [58].
Contrastingly, as of 2014, it had an installed capacity of 200 MW [55]. Hence, there is a
significant opportunity to unfold the country’s solar power potential. Most of the solar potential
is concentrated in Mexico’s northwest [59], especially in the Baja California peninsula shown in
Figure 1.5, which has irradiation levels comparable to Oman [60, 61]. Furthermore, the region is
the largest consumer of electricity in Mexico due to its hot and dry climate [62]. This electricity
is not connected to Mexico’s mainland grid, therefore the state depends on its own generation
capacity [63]. Additionally, the electricity sector in Mexico receives up to 6 billion USD in
residential electricity subsidies [55]; where 80% went to the state of Baja California [64]. This
explains why although residential electricity prices in Mexico are not as low as Oman, they are
still below the international average (Figure 1.2).
The southern part of the state of Baja California, known as Baja California Sur (BCS) is divided
into five municipalities: Comondu´, La Paz, Los Cabos, Loreto and Mulege´ where the total
population in 2015 was 712,029 [65]. La Paz, the state’s capital, is the second most populated
municipality after Los Cabos and has the highest solar resources in BCS at about 6.2 kWh/m2
per day [50]. Its climate is similar to that of Oman where the average annual temperature is
24.6  C, reaching up to 40  C during the summer months. This results in an increased demand
for cooling [49]. Therefore, given its high solar resources and large share of BCS’s population,
La Paz represents a target location to explore the feasibility of decarbonising the residential
sector in Mexico. Furthermore, the state’s isolated conditions coupled with the current issues
of connecting to the grid [63], highlights the importance of assessing grid-independent systems
in BCS.
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1.3 Aims and Objectives
The main aim of this study is to assess the potential of implementing roof-top solar PV tech-
nologies, mainly grid-independent solar PV/battery systems. This will be achieved by assessing
the potential to completely replace fossil fuel generated power that is imported from the grid
thereby targeting the complete decarbonisation of electricity per household. In such a system
any excess power produced is stored by a battery instead of being exported to the grid; thereby
making the system as independent from the grid as possible. This system is then compared to
a grid-connected roof-top solar PV system in which the grid is considered the energy storage
medium and any excess power produced is exported to the grid. Such a system partially replaces
power imported from the grid thereby targeting the partial decarbonisation of electricity per
household. This study will achieve this aim through completion of the following objectives:
1. Examine the energy sector of the main case study, Oman, and evaluate the current state
of its residential sector.
2. Develop a techno-economic model to assess the feasibility of residential roof-top solar PV
systems.
3. Compare the technical and economic feasibility of residential roof-top grid-independent
systems with grid-connected systems, using the following case studies:
• Stand-alone houses in Oman
• Stand-alone houses in Mexico
4. Determine the barriers and identify the techno-economic targets necessary to enhance the
feasibility of residential roof-top PV systems, mainly grid-independent systems, using the
following case studies:
• Stand-alone houses in Oman
• Stand-alone houses in Mexico
5. Assess the wider impacts of residential roof-top PV systems on the economy and the
environment through quantifying the financial benefits, avoided CO2 emissions and net
jobs created by applying it to the following case studies:
• Stand-alone houses in Oman
6. Provide recommendations for future work and policy development.
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1.4 Statement of Originality
The contribution of this work to knowledge is outlined below:
• Provides a unique review of Oman’s energy sector by examining the flow of primary fuels
from home production and imports to eventual final uses.
• Develops a techno-economic model for roof-top solar PV systems in gPROMS [66] that
is applicable to any location as well as various PV and battery technologies. The imple-
mentation of the model in gPROMS allows for the creation of sub-models that could be
connected together in various configurations.
• Develops a model home for villas in Muscat, Oman, with an hourly power demand for
one year and an average roof area. Such a model home could be used in future modelling
work.
• Develops a model home for houses in La Paz, Mexico, with an hourly power demand for
one year and an average roof area. Such a model home could be used in future modelling
work.
• Uses Oman and Mexico as case studies and input into the model to present a novel method-
ology for the analysis of residential roof-top PV systems, particularly grid-independent
systems.
• Uses Oman as a case study to provide a unique assessment on the wider impacts of resi-
dential roof-top PV systems including financial benefits, CO2 emissions and job creation.
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1.5 Outline of this Thesis
The remainder of this thesis is laid out as follows:
• Chapter 2 presents a review of the energy sector in Oman, from home production and
imports to eventual final uses, with particular focus on the natural gas, electricity and
residential sectors. This chapter identifies the main stakeholders involved in the country’s
energy sector and highlights how current energy policies are anchored around the oil and
gas sectors. The potential of implementing solar energy as an alternative fuel is emphasised.
• In Chapter 3, a detailed description of the mathematical models for residential roof-top PV
systems is given. This includes details on the design and construction of four sub-models;
the solar panel DC source, the grid-independent model, the grid-connected model and the
economic model as well as an explanation on the methodology used to obtain and select
input data for the case study of Oman. All model assumptions along with their reasonings
are summarised.
• In Chapter 4 a techno-economic assessment of residential grid-independent roof-top PV
systems in Muscat, Oman, is presented. The potential of an individual home to operate
without resource to the electricity grid and the characteristics of the solar PV panel and
battery facility required to provide this service are determined. The impacts of PV degra-
dation, PV e ciency and battery self-discharge are explored. The economic feasibility of
this grid-independent system is then compared to that of a similar grid-connected system.
• In Chapter 5, the same techno-economic assessment presented in Chapter 4 for Muscat
is applied to houses in La Paz, Mexico. The results of both Muscat and La Paz are
then compared in order to provide greater insight on the techno-economic feasibility of
residential roof-top PV systems.
• In Chapter 6, the potential natural gas savings achieved as a result of the implementation
of residential roof-top PV systems in Muscat, Oman, is quantified. The consequential
impact of this natural gas savings on CO2 emissions, job creation as well as financial
benefits due to LNG exports is explored.
• Finally, in Chapter 7, overall conclusions are drawn and some possible directions for future
work are outlined.
Chapter 2
The Energy Sector in Oman
Located in a region where over 40% of the world’s oil and gas reserves lie and in a trend similar
to that of its neighbours, Oman’s economy has been reliant on crude oil export since the 1970’s
[67, 68]. Being aware of the dangers of this reliance along with the discovery of natural gas since
the 1980’s, the Omani government resorted to two main strategies; diversifying its economy
and creating a sovereign wealth fund designed to provide the country with cash reserves at
times of need [69]. Although successful, these strategies resulted in a domestic energy policy
organised around the oil and gas sectors and led by the Ministry of Oil and Gas (MOG) and the
Ministry of Finance (MOF) [31]. With the unpredictability of fossil fuel prices and the global
push towards CO2 emissions reductions [70–72], especially Oman’s Ministry of Environment and
Climate A↵air’s (MECA) INDC pledge of 2% emissions reduction [47, 48], the sustainability of
the current energy policy is questionable. Given the potential of solar energy as an alternative
energy source and the lack of renewable based policies in Oman [31], identifying the opportunities
for its successful implementation could only be achieved through an initial understanding of the
energy sector in Oman [73–76]. To this end, this chapter provides a review of the energy sector
in Oman from home production and import of primary fuels to eventual final uses. The major
stakeholders involved are identified and alternative energy sources are discussed. Figure 2.1 is an
energy flowchart for Oman based on IEA’s data for the year 2013 [77, 78]. This chart illustrates
the flow of primary fuels from home production and import to their eventual uses. Based on this
chart, the energy sector in Oman can be divided into three main sectors; the primary (supply)
sector, the intermediary sector and the demand (end-use) sector, described in Sections 2.1, 2.2
and 2.3 below. The contribution of these sectors to CO2 emissions is depicted in Figure 2.2.
Finally, any conclusions drawn out of this analysis are discussed in Section 2.4.
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2.1 The Primary (Supply) Sector
There are two types of primary fuels used in Oman: oil (crude, natural gas liquids (NGL) and
feedstock) and natural gas. These fuels are mainly produced domestically and only a small
amount is imported from abroad.
2.1.1 Oil (Crude, NGL and Feedstocks)
In 2013, Oman produced an average of 941.9 thousand barrels per day, constituting approxi-
mately 1% of the world’s oil production [79]. As can be seen from Figure 2.1, over 80% of the oil
produced in Oman was exported, with over 95% of the oil exports going to Asian countries, 60%
to China [29]. This explains why 40% of the country’s GDP is from oil exports and highlights
the risky dependance of the country’s economy on one country [20, 26–28]. The remaining 20%
of the crude oil produced was domestically refined to oil products such as gasoline and jet fuel.
Oman does not import any crude oil [29]. However, due to the geology and viscous nature of
Oman’s oil, 20% of Oman’s natural gas has been used to increase oil production using various
enhanced oil recovery (EOR) methods [31, 33]. Due to this, oil production costs in Oman are
the highest in the region [31], making solar energy for EOR an attractive possible alternative to
natural gas.
There are currently 16 companies, contributing to the exploration and production of oil and
natural gas in Oman [29]. The Ministry of Oil and Gas (MOG) is the organisation responsible
for developing and implementing plans, policies, regulations and laws governing the oil and gas
sectors [80]. However, final approval on policy and investment rests with the Sultan of Oman
[33].
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Figure 2.2: Breakdown of Oman’s CO2 emissions from fuel combustion by sector for the year
2013 [26]. From this chart it is clear that the industrial sector followed by electricity and heat
production are the main contributors to CO2 emissions in Oman.
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2.1.2 Natural Gas
On average, Oman produced 101.8 million m3 of natural gas per day in 2013 [29]. This consti-
tutes less than 0.015% of the world’s natural gas production [81]. Over 60% of the natural gas
produced in Oman was consumed domestically, mainly in industry and power generation [77].
This is due to the current policy of promoting industrial development in order to trigger activity
and employment [31]. As part of this policy, the gas provided to the industrial sector and power
generators is sold at advantageous prices; 3 USD/mmBTU and 1.5 USD/mmBTU respectively
[31]. Although these prices are not lower than the USA’s domestic gas prices [82], they are
significantly lower than the world LNG export prices; which are on average 8 USD/mmBTU
for the UK and Germany and 13 USD/mmBTU for Japan [32]. This highlights the high oppor-
tunity cost of current policies and questions the sustainability of the current gas policy. The
organisation responsible for the e cient management and delivery of natural gas to the relevant
power plants and industries through pipelines is Oman Gas Company (OGC) [83].
In terms of exports, 36% of the natural gas produced was exported as liquefied natural gas
(LNG) making the LNG sector the second major contributor to Oman’s economy; constituting
12-15% of GDP [31]. These LNG exports were produced in two liquefaction facilities, Oman
LNG and Qalhat LNG, located in the eastern region of the country, known as ‘Al-Sharqiya’.
Together, they operate as a single entity called Oman LNG [33]. It must be noted that due to
the rising level of domestic demand for natural gas, Oman has cut LNG exports [31], thereby
resulting in an under-utilised LNG capacity where the gas liquefaction plant in Qalhat LNG is
operating at 2 million tons per annum below its capacity. Only long term LNG export contracts
to Japan and Korea are fulfilled, where most of the country’s LNG exports go to [29].
On the other hand, although Oman is not a major importer of natural gas, the country imported
approximately 200 million ft3 per day in 2013 from Qatar via the Dolphin pipeline. This import
is necessary to meet the rising level of domestic consumption [31, 33]; which is expected to
substantially increase in the near future due to industry and power generation [84, 85]. Therefore,
the Omani government is developing the local gas fields, particularly the ‘Khazan-Makarem’
field, in order to prepare them for production [29]. The development of this field would increase
the local production by three times and enhance the country’s reserves overall. Additionally, all
currently exported volumes of LNG are to be diverted away from foreign markets and towards
domestic consumers by 2024; when all long term contracts are expected to terminate [33].
Finally, there are plans for additional gas imports via a pipeline from Iran [33]. If realised, this
would be a 60 billion USD, 25 year supply deal.
2. The Energy Sector in Oman 20
2.1.3 Alternative Energy Sources
2.1.3.1 Nuclear
Oman has no nuclear power plants and due to the 2011 nuclear meltdown at the Fukushima
Daiichi power plant in Japan, the country has chosen not to pursue a domestic atomic energy
capability [86].
2.1.3.2 Renewable Energy
Being aware of the high opportunity cost of natural gas and the possible role of renewables in
the country’s future energy mix, several studies [23, 31, 41, 70, 87–92] assessed the potential
of renewable energy resources for electricity production in Oman. These studies all came with
the conclusions that there is limited potential for electricity production from biogas, geothermal
and wave yet there are notable wind resources in the southern and eastern parts of Oman.
Furthermore, it was found that the level of solar irradiance in Oman is amongst the highest
in the world. This is clearly shown in Figure 2.3(a) which compares the average daily solar
energy potential of Muscat, calculated as the product of average daily irradiance and daylight
hours, with the rest of the world [60, 61, 93]. From this chart it is clear that the available
solar energy potential in Muscat is twice that of Berlin and London and is comparable to other
‘sun-rich’ cities such as Los Angeles, Madrid and La Paz. Furthermore, it was found that there
is significant scope for developing solar energy throughout Oman as depicted in Figure 2.3(b)
where it is clear that the level of solar irradiance is highest in the northern and southern parts
of the country where most of the electricity is supplied [31, 37, 43]. Given the high population
density and the urban nature of the northern and southern regions of Oman [20, 44], the reduced
land availability makes these regions more suitable for relatively small-scale solar projects. On
the contrary, larger scale projects are more applicable in the central part of the country [31].
2.2 The Intermediary Sector
As shown in Figure 2.1, the primary fuels produced and imported into Oman are then either
used directly by the end-users or converted into a di↵erent form of energy. The latter stage
is mainly composed of two processes; oil refining and electricity generation. In oil refining, a
number of oil products are produced and either domestically consumed or exported. On the
other hand, most of the electricity generated is consumed domestically.
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Figure 22: Solar radiation in Oman during January and July
Figure 23: Spatial distribution of land with 
suitable levels for solar photovolatic energy 
projects
The global average daily sunshine duration 
and solar radiation values have been studied 
in detail for 25 locations in Oman. Marmul is 
considered to have the highest solar radiation 
in Oman followed by Fahud, Sohar and 
Qairoon Hairiti. The remaining cities in Oman 
have almost the same solar radiation values 
except Masirah Island, Salalah and Sur, which 
have the lowest values. Salalah and Sur have 
significantly lower insolation compared with 
other stations due to the summer rain period 
in Salalah and the frequent periods of fog in 
Sur. Generally the highest insolation is in the 
desert areas, see Figure 23, and the lowest 
is at the coastal area in the southern part of 
Oman (Booz and Co, 2010b).
In conclusion, given the vast unused land 
available with high solar resources, Oman has 
clearly excellent potential for their large scale 
solar exploitation. However, specific resource 
assessments are needed in order to determine 
the market potential for solar energy and to 
formulate targets for solar energy, as part of 
a national renewable energy policy, see the 
discussion in Chapter 3, that illustrates the 
steps in the target setting process.
Source: Gastli and Y. Charabi, 2010a
Source: Gastli and Y. Charabi, 2010b
Figure 2.3: Charts depicting the solar energy potential in Oman where ( ) compares the average
daily solar energy potential of Muscat, calculated as the product of average daily irradiance and
daylight hours, with the rest of the world [60, 61] and (b) shows the solar irradiance in Oman
during January nd July [31, 43].
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2.2.1 Oil Products
To cater for Oman’s local strategic demand of refined products, Oman Refinery Company (ORC)
and Sohar Refinery Company (SRC) were established. These, in turn, were merged in 2007 to
form Oman Oil Refineries and Petroleum Industries Company (ORPIC) [80]. The types of oil
products produced by Oman’s refineries are summarised in Figure 2.4 where it can be seen that
the two main products produced in Oman are premium gasoline and gas oil (diesel); used in
transport and electricity generation [29, 94]. From Figure 2.1, it is clear that approximately
60% of the oil products produced are domestically consumed. The remaining 15%, composed
mainly of regular gasoline, liquified petroleum gas (LPG), kerosene and fuel oil, are exported
[20, 29]. Additionally, Oman does import small volumes of refined petroleum products for use
in the domestic market; 49% of which is diesel and 22% is premium gasoline [94]. Importing
these products is mainly due to insu cient refining capacity, however there are plans to expand
it [95]. Other imported oil products include benzene ingredients and methanol; which are not
produced in Oman [29].
5%
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27%
9%
6%
 Premium Gasoline  Regular Gasoline  D.P Kerosene  Gas Oil (Diesel)  LPG
 Fuel Oil  Naptha  Propylene  Butane
36%
 
 
Figure 2.4: Oil products produced in Oman for the year 2013 [29, 94]. From this chart, it is
clear that the two main products produced by Oman’s refineries are premium gasoline and gas
oil (diesel). These are used in transport and electricity generation.
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2.2.2 Electricity
In 2004, the law for the regulation and privatisation of the electricity and related water sector
(“Sector Law”) was issued [31, 96, 97]. This law implemented policies which included electricity
sector restructuring, privatisation and regulation. As a result, the Authority of Electricity
Regulation (AER), the Public Authority of Electricity and Water (PAEW) and Oman Power
and Water Procurement Company (OPWP) were established. Operationally, the electricity
sector in Oman comprises three separate and distinct markets, the Main Interconnected System
(MIS), the Salalah Power System (SPS) and the Rural Areas Power System (RAPS) as shown
in Figure 2.5. These markets serve di↵erent regions in Oman and hence there is no competition
between them [30, 98].
Renewables Readiness Assessment
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ELECTRICITY GRID NETWORKS
Oman does not have an interconnected national 
grid; rather the electricity grid comprises the 
Main Interconnected System (MIS) in the north 
and the Salalah power system in the south. The 
government plans a future interconnection of 
the two systems. The service areas of the key 
companies are shown in Figure 10. 
MIS is the main electrical network Oman, 
covering the majority of the population 
(around 0.6 million electricity customers). 
It covers the Governorates of Muscat, North 
Al-Batinah, South Al-Batinah, Al-Dhahirah, 
Al-Buraimi, Al-Dakhliyah, North Al-Sharquiya 
and South Al-Sharquiya. Oman Electricity 
Transmission Company (OETC) is the owner 
of the MIS grid and is licensed to undertake all 
regulated activities of electricity transmission 
and dispatch in northern Oman (Rural Areas 
Electricity Company (RAECO), 2011).
The existing MIS transmission has two 
operating voltages, 220 kilovolts (kV) and 
132 kV and with the commissioning of the 
2 000 megawatts (MW) Sur power plant 
in 2014, MIS will operate at 400 kV as well. 
It extends across the whole of northern 
Oman and interconnects bulk consumers 
and generators of electricity. There are three 
distribution companies connected to the 
MIS: Muscat Electricity Distrib tion Compan , 
Mazoon Electricity Company and Majan 
Electricity Company. 
MIS is interconnected with the transmission 
system of UAE (Abu Dhabi Transco) at 
220 kV from the Al Wasit grid station in 
Mahadah. Through this interconnection 
it forms part of the GCC Grid providing 
increased security of supply and cost savings 
from the sharing of reserve capacity and 
energy resources. 
Figure 10: Oman power system companies and areas 
Source: Al-Badi, Malik and Gastli, 2011
Main Interconnected System (MIS)
Rural Areas Power System (RAPS)
Salalah Power System (SPS)
Figure 2.5: The regions in Oman in which the three electricity markets, MIS, SPS and RAPS
operate [31]. This chart shows that each system serves a di↵erent region in the country and
hence there is no competition between these systems.
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MIS serves approximately 88% of the electricity customers in Oman while the remaining 9%
are served by SPS [37]. Both these systems use natural gas fired power plants; where roughly
half are open cycle gas turbines (OCGT) and half are combined cycle gas turbines (CCGT)
[31, 38]. Rural Areas Electric Company (RAECo) generates, transmits and distributes to only
2% of the electricity customers in the scattered rural areas of Oman using diesel fuelled facilities
[37]. This explains why over 97% of electricity generation in Oman is fuelled by natural gas
[30, 31, 37, 38]. Transmission facilities in both MIS and SPS are provided for by a monopoly
provider called Oman Electricity Transmission Company (OETC) using 400 kV, 220 kV and 132
kV lines [31]. Distribution and supply facilities in MIS are provided by three licensed companies
which have monopoly rights to distribute electricity within authorised areas. These are Muscat
Electricity Distribution Company (MEDC), Majan Electricity Company and Mazoon Electricity
Company [31, 37]. In SPS, distribution and supply falls under the jurisdiction of Dhofar Power
Company (DPC) [38].
In terms of types of consumers, the electricity markets in Oman supply electricity to seven main
sectors as summarised in Figure 2.6 where electricity prices for end-users are identical in all parts
of the country but vary by sector [30]. From this chart it is clear that approximately 48% of
the electricity produced goes to the residential sector making it the largest electricity consuming
sector. However, it is interesting to note that the energy demand from one industrial customer
is approximately equivalent to 250 residential customers [37]. This implies that although the
residential sector currently stands as the sector with the largest electricity demand, the addition
of a few more industrial accounts could shift this situation to the industrial sector being the
sector with the largest electricity demand.
In addition to the indirect subsidy due to the low gas prices, the electricity sector receives a
direct subsidy from the Ministry of Finance (MOF) according to a mechanism described in the
“Sector Law” [30, 37]. This pushes electricity prices to very low levels, as shown in Figure
1.2. Table 2.1 summarises the direct subsidy received by each of the three electricity markets
in Oman. This subsidy is dependent on the number of electricity customers. Thus although
it is expected of MIS to receive the largest share of total financial subsidy, it is interesting to
note that SPS and RAPS receive a significant amount of the subsidy despite the significantly
smaller electricity generation provided by these markets. The reason for this is Oman’s policy
of identical electricity prices in all areas. Given that the geographical areas served by SPS and
RAPS are less densely populated, the total supply costs are higher. Therefore in order to keep
electricity prices the same, consumer prices are heavily subsidised [31].
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Figure 2.6: Breakdown of electricity supply in Oman by sector for the year 2014 where total
electricity supply was 25 TWh [30]. This chart shows that the residential sector is the largest
electricity consuming sector in Oman.
System Financial
Subsidy
Provided
(million OMR)
% of Total
Financial
Subsidy
% of Total Net
Electricity
Production
MIS 214.1 74.6 88.2
SPS 28.5 9.9 9.4
RAPS 44.5 15.5 2.4
Table 2.1: Final subsidy in million OMR, % of total financial subsidy and % of total net
electricity production by the three electricity systems in Oman [37]. This table shows that
due to Oman’s policy of identical electricity prices in all areas, geographical areas that are less
densely populated and served by SPS and RAPS are heavily subsidised [31].
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2.3 The Demand (End-Use) Sector
There are four main end-users of energy in Oman; industry, transport, residential and commer-
cial & public services. These main end-users broadly fall under the responsibility of the Ministry
of Commerce and Industry (MOCI), Ministry of Transport and Communications (MOTC) and
Ministry of Housing, Electricity and Water (MHEW) [99–102]. The total final energy consump-
tion of these end-users by fuel type is summarised in Figure 2.7 [77].
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Figure 2.7: Total final energy consumption of Oman’s end-users by fuel type for the year 2013
[77]. This chart shows that the industrial sector is the largest consumer of energy in Oman,
with 91% of its energy consumption coming directly from natural gas. The transport sector is
the second largest consumer of energy in Oman with all of its energy consumption coming from
oil products. Although the residential and commercial & public services sectors are the smallest
energy consumers, they are the largest consumers of electricity in Oman.
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2.3.1 Industry
The industrial sector is the largest consumer of energy in Oman, with 91% of its energy con-
sumption coming directly from natural gas [77]. In addition, it is a major consumer of electricity
following the residential and commercial & public services sectors. This makes the industrial
sector the largest emitter of CO2 in Oman, contributing to 38% of total CO2 emissions (Figure
2.2) [26]. Table 2.2 summarises the types of industries in Oman by disaggregating them into two
levels as classified by International Standards of Industrial Classification (ISIC) codes [103, 104].
Approximately 50% of natural gas consumption by the industrial sector came from the metal
industries [77] although it only forms 7% of total industrial investments and 1% of the total
number of industrial establishments in Oman [20]. This highlights the natural gas intensive
nature of this industry signifying the need to focus on this specific industry in order to reduce
natural gas demand.
In terms of structure, there are currently eight industrial estates in Oman that are managed by
the Public Establishment for Industrial Estates (PEIE) [105] . In addition, there are three free
zones; two in the south (Al-Mazunah and Salalah free zones) and one in the north (Sohar free
zone). Finally, there is a special economic zone in the central part of the country (Al-Duqm)
managed by the Special Economic Zone Authority (SEZA) [80, 105].
First Level Second Level
Mining and Quarrying
Manufacturing Food, beverages and tobacco
Spinning, weaving, finishing textiles and leather
Wood and wood products, including furniture
Paper and paper products, printing and publishing
Chemicals and chemical products, products of petroleum and coal
Non-metallic mineral products
Basic metal industries
Fabricated metal products
Building and Construction
Table 2.2: Disaggregation of the industrial sector in Oman into two levels as classified by ISIC
codes [103, 104].
2. The Energy Sector in Oman 28
2.3.2 Transport
The second largest consumer of energy in Oman is the transport sector of which 100% of its
energy consumption came from oil products, namely gasoline [29, 94] since the main mode
of domestic transport is ‘road transport’ (i.e. cars, motorcycles and trucks) [77]. Table 2.3
summarises the transport sector in Oman by disaggregating it into two categories; passenger
transport and freight transport [104]. Due to a combination of an increase in population and
GDP per capita as well as new and improved road transport infrastructure [94, 106, 107],
the demand for transport fuel has quadrupled in the last ten years [94]. This resulted in the
country’s refining capacity being no longer able to meet the country’s domestic demand for
transportation fuel [33]. Therefore, in addition to importing gasoline, Oman has a Gas-to-
Liquids (GTL) program, transforming natural gas into motor gasoline [33]. Finally, with a
diesel fuelled national railway project planned for the near future [108] and no other plans for
alternative transport fuels [109], this demand in oil based transport fuel is expected to increase
over the years.
Need Modes Vehicles Fuel Use
Public passenger transport Road Taxis Gasoline
Minibuses Gasoline
Intercity buses Diesel
Domestic air Jet fuel (D.P Kerosene)
Domestic water Diesel
Private passenger transport Road Motorcycles Gasoline
Cars Gasoline
Freight transport Road Pick-ups Gasoline
Light-trucks Diesel
Heavy trucks Diesel
Domestic water Barges, ships Diesel
Table 2.3: Disaggregation of the transport sector in Oman [103, 104].
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2.3.3 Residential
The residential sector is the largest consumer of electricity in Oman, where 86% of its total
final energy consumption was fuelled by electricity while the remaining 14% came from oil
products; mainly butane and LPG for cooking purposes [20, 77, 110]. Over 80% of Oman’s
residential stock is located in the north of the country [44] and therefore receives electricity
through the main interconnected system (MIS). In terms of individual households, there are five
main dwelling archetypes in Oman [110] where over 80% are either villas, apartments or arabic
houses as shown in Figure 2.8. These houses are characterised by poor fabric performance where
homes have little or no thermal insulation and single glazed windows dominate [111]. Figure
2.9 summarises the end-use appliances used by the individual households in Oman where over
50% of energy demand is for cooling and air-conditioning purposes indicating the importance
of reducing cooling demand in order to reduce overall residential electricity demand [111]. In
fact, the electricity demand per household in Oman is amongst the highest in the world [39, 40],
comparable only to other countries in the region as shown in Figure 1.3.
2.3.4 Commercial and Public Services
The commercial and public services sector is the smallest consumer of energy in Oman yet it
is the second largest consumer of electricity. All of its demand is met by electricity since this
sector has similar end-use appliances as the residential sector (Figure 2.9), with very little or no
cooking taking place [77].
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Figure 6: Model structure and components 
The model takes a bottom-up approach that integrates Energy-Plus, a dynamic building physics 
model developed by the United States Department of Energy as the core calculation engine, 
and Simenergy, a graphical interface for Energy Plus developed by Lawrence Berkley National 
Laboratory. The structure and main components of this model are described in Figure 6. 
Energy Plus was used to simulate energy demand for a series of key dwelling archetypes (see 
Figure 7) which have been developed utilising data gathered as part of this project or from the 
literature. This energy demand is extrapolated according to weighting factors derived from 
national statistics to provide an estimate of energy consumption for the entire Omani 
residential stock on a national level. 
 
Figure 7: Dwelling Archetypes 
Figure 2.8: The three main residential dwelling archetypes in Oman as developed by Sweetnam
et al [111].
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Figure 2.9: Breakdown of domestic energy consumption in Oman as modelled by Sweetnam et
al [111]. This chart shows that over 50% of energy demand in Oman is for cooling purposes
indicating the importance of reducing cooling demand in order to reduce overall residential
electricity demand.
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2.4 Concluding Remarks
Oman’s strategy of diversifying its economy has shifted its reliance from one fossil fuel; oil, to
another; natural gas. This strategy put a strain on the country’s natural gas resources signifying
a lack of scenario analysis in addressing some of Oman’s long term energy policies. Furthermore,
within all of Oman’s energy sectors, there is a common trend in the way in which the country
tackles increased demand for energy. This is through increasing supply. However, there are
various other ways in which demand could be reduced such as increasing e ciency, demand-side
management, influencing energy prices and providing alternatives. Examples of this include,
LED lights, electric cars vs gasoline cars [112] and the implementation of digital electric meters
[113]. It is interesting to note that some of these various options are recognised in Oman’s 2015
INDC submission [47, 48]. However they are only defined in general terms, with no goals and
detailed plans identifying the actions needed to achieve these goals.
Although the current energy policy of providing gas to the industrial sector and power genera-
tors at advantageous prices has so far been successful in attracting investment and generating
jobs [31], it results in real financial losses to the government. Additionally, it does not en-
courage investors to choose more e cient technologies despite higher prices, nor does it signal
to consumers to be more e cient in their power consumption [31]. However, raising prices is
politically challenging and requires a pragmatic approach which includes increased spending on
education, health and social welfare [30]. A similar argument applies to the current politically
set electricity prices in Oman, which cost the government over 700 million USD annually in di-
rect subsidies [30, 37]. In addition to the subsidies, the fact that the electricity market serves as
a regional monopoly does not help promote competition and therefore reduce electricity prices
[114]. Therefore, targeting the structure of the electricity market as well as the tari↵ is necessary
to influence consumer behaviour and therefore demand especially the peak demand over which
future electricity planning is determined [115].
The country’s decision not to use nuclear power means that the main other non fossil fuel al-
ternative for the power sector are renewables; mainly solar and wind. However, given the need
for the flexibility to dispatch electricity at any given time, successful implementation of renew-
ables is dependant on storage technologies, including the electricity grid. Since the residential
sector is the largest consumer of electricity in Oman with over 50% of its demand coming from
air-conditioning, renewables could be used to provide for this demand. This could be achieved
by directly converting renewables to electricity or by solar thermal based technologies for water
heating and cooling [41, 116]. Additionally, given that houses in Oman are characterised by
poor fabric performance [31]; further focus needs to be given to the architecture of homes as
well as the implementation of insulation, which could be enforced through building standards
[41]. Implementing renewables would not only help reduce consumption of natural gas and
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therefore CO2 emissions, but could be a driver for broader economic diversification [31]. How-
ever, successful implementation of renewables in Oman is dependant on clear identification of
barriers, some of which are summarised in Table 2.4 [31, 117], as well as the implementation
of policies, institutions and action plans designated to tackle such barriers. Finally, given that
Oman’s economy is highly reliant on oil exports to China, this signifies the need to diversify
its oil export destinations. However, the fact that China is a world leader in solar technology
[118] could prove beneficial for Oman and provide the opportunity to increase cooperation with
China in developing this unused energy resource.
Barriers Recommendations
Lack of institutions for renew-
ables
Formulate an energy strategy which contains:
Role of current renewable institu-
tions not clearly defined
(a) A renewable energy strategy/action plan
(b) Plans in creating new institutions which should assist
in permit attainment
Obtaining permits for renewables
is time consuming and unclear
(c) Innovation in the financial sector
(d) A target for renewable energy
There is an absence of targets (e) Plans in developing expertise
(f) Capacity building of developers, installers, business
managers, financiers, government o cials and regulators
Lack of expertise in renewables Create training programs and improve education
Existing method of measuring so-
lar/wind data is not reliable
Improve and create solar/wind mapping tools
Research on renewables is mini-
mal and undefined
Additional and selective funding for research with focus
on storage technologies is necessary
Grid structure potential to ac-
commodate distributed genera-
tion is unknown
Assess grid structure and potential
Table 2.4: Summary of barriers and recommendations to renewable energy deployment in Oman
as defined by IRENA [31, 117].
Chapter 3
Residential Roof-Top Solar PV
Models
The first part of this chapter (Section 3.1) describes the technical and economic mathematical
models developed to assess the feasibility of residential roof-top PV systems. Broadly, these
models could be divided into four sub-models; the solar panel DC source, the grid-independent
system, the grid-connected system and the economic model. In turn, each model is composed
of smaller models that have been implemented in gPROMs [66] and designed to work using
real-time hourly weather and demand data. Such models are applicable to any location and
various PV and battery technologies. Additionally, building sub-models in gPROMs allows for
the creation of various system configurations. The second part of this chapter (Section 3.2)
describes the data collection process for the main case study, Oman, where both hourly data
as well as input parameters relevant to the location of choice, the type of home assessed and
the technologies are obtained. All model assumptions as well as data input assumptions are
summarised in Tables 3.5 and 3.6 respectively.
3.1 Model Design and Construction
3.1.1 DC Source Model
The core element of a roof-top PV system is the direct current (DC) power output from the PV
module (Pm), also known as the DC Source. Determining this DC power is initially dependant on
calculating the amount of solar radiation incident on the PV panel (GSIT) [43, 119]. Therefore,
modelling the power output from the DC Source can be divided into two main models, the GSIT
model and the Pm model. Both models are detailed in Sections 3.1.1.1 and 3.1.1.2 below.
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3.1.1.1 Solar Radiation on a Tilted Surface (GSIT)
Incoming solar radiation originates from the sun, is modified as it travels through the atmosphere
and is further modified at the earth’s surface by topography and surface features [90]. The solar
radiation intensity falling on a surface is called irradiance and is measured in W/m2 or kW/m2
[119]. To date, solar radiation is mostly measured as global solar irradiance on a horizontal
plane (GSI), which is the total amount of solar radiation received per unit area on a horizontal
plane. GSI can be described as the sum of incident di↵use radiation (IDH) plus the direct normal
irradiance projected onto the horizontal surface (INH), as shown in Equation 3.1.
GSI = INH + IDH (3.1)
If the surface under study is tilted with respect to the horizontal, such as a PV module, then
the total irradiance on the tilted surface (GSIT) is the incident di↵use radiation (IDT) plus the
direct normal irradiance projected onto the tilted surface (INT) plus ground reflected irradiance
that is incident on the tilted surface (IRT), as shown in Equation 3.2.
GSIT = INT + IDT + IRT (3.2)
The power output of a PV module, Pm, is directly dependent on the solar radiation incident on
it. The amount of solar radiation received by a PV module (GSIT) is determined by geometric
parameters such as the tilt angle of the PV from the horizontal surface ( ) and the orientation
towards the sun, the latter comprising the declination angle ( ), the elevation angle (↵) and
the latitude ( ). These parameters are depicted in Figure 3.1 with respect to the incident solar
radiation measured perpendicular to the sun (Iincident) [4, 120].
The latitude ( ) is a geometric parameter that describes the site’s location. Simply put, it is
the angle between the point of interest and the equator. The declination angle ( ) is the angle
between the incident solar radiation and the equator. It varies seasonally due to the tilt of the
earth on its axis of rotation by 23.45  and the rotation of the earth around the sun. Therefore,
  is determined by the day of the year (d) and can be described by Equation 3.3 below [4, 120].
  = sin 1(sin(23.45 ) sin(
360
365
(d  81))) (3.3)
Equation 3.3 assumes that the sun’s orbit is a perfect circle and therefore the factor of 360/365
converts the day number (d) to a position in the orbit. During the spring equinox, at day number
81, the declination angle is 0 . The same applies to the autumn equinox, at day number 284,
therefore in some texts, (d+284) is used instead of (d-81) [121].
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Figure 3.1: Geometric parameters that describe the position of a surface in relation to the sun
[120].
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On the other hand, the elevation angle (↵) is the angle between the incident solar radiation and
the horizontal. It is determined by   and therefore the day of the year,   and therefore the site’s
location as well as the hour angle (HRA). The elevation angle at solar noon is the maximum
elevation angle and can be determined by Equation 3.4 [122]. This maximum elevation angle is
used in simple PV system design and is used for this model [4, 120].
↵ =
8<:90  (    ), for locations in the Northern hemisphere90 + (    ), for locations in the Southern hemisphere (3.4)
Given GSI, GSIT can be calculated. Figure 3.2 shows the components of GSIT with the eleva-
tion angle at solar noon as described by Honsberg and Bowden [120], Stenning [4] and Opiyo
[123]. This model uses parameters that are set by the location of the site and therefore the
parameters are easy to obtain. It assumes IDT and IRT to be zero. This means that the model is
underestimating GSIT in terms of not accounting for the increase from the di↵use and reflected
irradiance. However, this is assumed to be acceptable given that this model uses ↵ at its maxi-
mum at solar noon, as described by Equation 3.4, and therefore is already overestimating GSIT.
Therefore,
GSIT =
GSI sin(↵+  )
sin(↵)
(3.5)
3.1.1.2 PV Output (Pm)
The general formula used to determine the output of a PV module is:
Pm = ⌘mAmGSIT (3.6)
where Pm is the power output of a PV module in kW, ⌘m is the e ciency of the module and
Am is the area of the module in m2 [124]. Since it is assumed that the PV modules are to be
installed on the roof, Am is a function of the roof area (Ar):
Am =  Ar (3.7)
where   is the proportion of roof area covered by PV modules (%).
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Figure 3.2: Components of GSIT with the elevation angle at solar noon as described by Honsberg
and Bowden [120], Stenning [4] and Opiyo [123].
3. Residential Roof-Top Solar PV Models 38
⌘m is dependent on variables such as wind speed, humidity, temperature, shading, dust, snow,
ohmic losses of the conductors and mismatch losses1. Many of these variables are di cult to
obtain without experimentation [4, 124]. According to Dubey et al [126], Ateto [127] and Evans
[128], ⌘m is usually expressed as:
⌘m = ⌘ref[1   ref(T c   T ref)] (3.8)
where Tc is the temperature of the PV cell ( C) and ⌘ref is the module’s electrical e ciency at
reference temperature, Tref ( C), and solar radiation of 1000 W/m2.  ref (K-1) is the temperature
coe cient and is mainly a material property normally given by the PV manufacturer.
Tc is one of the most important parameters used in assessing the performance of PV systems
and their power output. This temperature mainly depends on climatic conditions. However it
also depends on the thermal properties of the materials used in PV module encapsulation, the
type of PV cells as well as the configuration of the PV module installation [129]. Practically,
these cell temperatures are very di cult to measure, as the cells are tightly encapsulated for
moisture protection. Therefore, for convenience in most practices, the temperature at the back
surface of a PV module is commonly measured instead. On the other hand, in order to avoid
experimentation, several cell temperature prediction models have been developed. Studies to
evaluate the suitability of these models showed that these models give satisfactory results [130].
There are mainly two types of cell temperature prediction models [129–132]; steady state ap-
proach models and non-steady state approach models. Steady state approach models assume
that within a short period, the intensity of the incoming solar irradiance and other parame-
ters a↵ecting the PV module’s behaviour are constant. On the other hand, in the non-steady
state approach, parameters a↵ecting the module’s temperatures are considered to be time de-
pendent. Therefore, this approach is more realistic considering the nature of a PV system.
However, given the complexity of this approach and the large data requirements associated with
it [47, 133, 134], many of which are not available for this case study, such an approach was
considered inappropriate for this study; making the steady state approach the preferred option.
The two most commonly used steady state approach models are the Nominal Operating Cell
Temperature Model (NOCT) and the Sandia National Laboratory Temperature Prediction
(SNL) Model. In the NOCT model, the cell temperature is calculated as [129, 130, 135–137]:
T c = TA +
NOCT   20
800
GSIT (3.9)
1Mismatch losses are caused by the interconnection of solar cells which experience di↵erent conditions from
one another or do not have identical properties [125].
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where TA is the ambient temperature ( C), NOCT is the nominal operating cell temperature
which is defined as the temperature reached by open circuited cells in a module under the
conditions listed below:
• Irradiance on cell surface=800 W/m2
• Air Temperature=20  C
• Wind Velocity=1 m/s
• Mounting=open back side
Values of NOCT range between 33  C - 58  C, however, for a typical module, the value of NOCT
is 48  C [137]. On the other hand, the SNL model was developed in the United States in order
to improve the weak points of the NOCT model [130]. This model incorporated parameters
a↵ecting the PV module’s temperature, such as wind speeds, types of PV encapsulation and
configuration installation. Comparing the two models, it has been shown by Trinuruk et al [130]
that the NOCT model always gives larger errors and over estimations of the temperature predic-
tions than the SNL model. In addition, it has also been shown that although the uncertainties
in the predicted temperatures for both models are high, the e↵ect on the final predicted power
outputs of the PV module over a long period is not very large. Therefore, the accuracy of the
predicted temperatures by both models should be adequate for most PV engineering applica-
tions, even though the errors of the predicted operating PV temperature are relatively large.
Given the simplicity of the NOCT model, the adequacy of its predicted temperatures for PV
applications and the wider availability of ambient temperature (TA) data in comparison to wind
speed, the NOCT model has been chosen for this study.
Finally, a study by Jordan and Kurtz [138] of approximately 2000 PV panels has shown that PV
panels degrade by an annual rate, PVD (%). Incorporating PVD into the DC source model and
specifically Equations 3.6 and 3.7 requires a degradation model. According to Springer [139],
Zhu and Astawa [140] and Vazquez [141], although there are many time dependent degradation
models, the main forms used are linear and exponential models. Both these models have been
found by Vazquez [141] to produce similar degradation estimates for the first 10 to 15 years.
However, linear degradation was found to provide more conservative estimates, especially for
time periods greater than 15 years. Given that solar PV systems typically have a lifetime of 20
years [4, 12, 16, 142], assessing PV panels that degrades linearly was considered more suitable
for this study since a conservative estimate of degradation incorporates the worst case scenario.
Combining the linear degradation model with Equations 3.6 and 3.7 gives the equation used in
this study to determine the output of a PV module:
Pm = ⌘mGSIT Ar[1  n(PV D)] (3.10)
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where n is the age of the system in years.
The total energy output of the PV module in kWh is simply the integral of Pm between two
periods of time, t, as shown in Equation 3.11 below.
Em =
Z
Pm dt (3.11)
This could then be compared to the total energy demand in kWh of a residential unit between
two periods of time:
ED =
Z
PD dt (3.12)
where PD is the residential power demand in kW.
3.1.2 Grid-Independent PV System
Generally, a PV/battery system consists of a PV module (DC Source), a battery with an energy
e ciency ⌘batt, a charge controller with an e ciency ⌘cc and a DC to AC inverter with an
e ciency ⌘inv and an absolute lifetime Ninv [12, 143–147]. ⌘batt is specified by two e ciencies,
the coulombic e ciency (⌘coulomb) and the voltage e ciency (⌘voltage) [148, 149]. ⌘coulomb is
primarily due to loss in charge while ⌘voltage is determined by the voltage di↵erence during
charging and discharging.
Psat!
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DC!
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Figure 3.3: Schematic of grid-independent PV system [12, 143, 144].
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Figure 3.3 shows the schematic of the grid-independent PV system model developed for this
study. In this system, the energy produced by the DC Source is consumed directly by converting
it into AC electricity using an inverter. Any excess energy is stored in the battery as DC power
and any shortfall in energy is provided for by the battery. The battery is protected from
overcharge and deep discharge using a charge controller [150]. Therefore, within the PV system
depicted in Figure 3.3, two situations could exist; a surplus in which the PV system produces
more energy than household demand (PD) and a shortfall in which the PV system produces less
energy than household demand. Whether the system is in surplus or shortfall is determined by
the following equation:
P+ = (⌘cc⌘inv)Pm   PD (3.13)
where P+>0 during a surplus and P+<0 during a shortfall [16]. If P+=0, the battery does not
charge or discharge and all power produced is consumed immediately.
3.1.2.1 Battery Characteristics
In order to understand the grid-independent system model developed, it is essential to under-
stand the main characteristics used to describe how batteries function. These are summarised
in Figure 3.4. Since the primary function of a battery is to store electrical energy, an essential
parameter commonly used for batteries is the battery capacity or size (C) measured in kAh.
This is a measure of the amount of charge stored in the battery and is directly associated with
the quantity of electricity obtained from the active materials inside the cell [151, 152]. The
maximum amount of energy that can be delivered by the battery system is a function of the
battery voltage (VB). This voltage is a↵ected by resistive drops in the battery as well as ambient
temperature variations [153–156].
Although batteries are rated in terms of their capacity, the actual energy that can be extracted
from the battery is determined by the battery’s state of charge (SOC). This is the ratio of
the amount of charge presently stored in the battery to the nominal rated capacity as shown
in Equation 3.26 [152, 157]. Additionally, the extent to which batteries can be charged and
discharged is limited by the battery’s maximum state of charge (SOCmax) and minimum state
of charge (SOCmin) since full charge or discharge could permanently destroy the battery. The
values of SOCmax and SOCmin are dependant on the type of battery used and vary from one
battery technology to another [151]. Furthermore, in order to define the initial status of the
battery at start-up, the term SOCinitial is used. This describes the initial amount of charge
available in the battery. Therefore if the battery is empty, SOCinitial=SOCmin, and if the battery
is full, SOCinitial=SOCmax [16].
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Figure 3.4: Image summarising the main characteristics used to describe the functioning of the
battery.
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Similarly, battery capacity and lifetime is a↵ected by the rate in which the battery is charged
and discharged [151]. Therefore, in order to protect the battery, a charge controller is used to
limit the discharge and charge rates to maximum values; IDmax and ICmax, respectively [16].
This charge and discharge process is not 100% e cient due to ⌘coulomb and therefore the battery
has a charge and discharge e ciency expressed by ⌘Cbatt and ⌘Dbatt respectively [16, 158, 159].
Additionally, all batteries are a↵ected by a characteristic known as self-discharge [160]. This is
simply the loss in charge that occurs when the battery simply sits on the shelf. It is usually
expressed by a monthly rate (BSD) which is typically assumed to be evenly convertible to an
hourly rate (BSDh) [160].
Finally, a battery’s performance deteriorates with usage due to what is commonly known as
‘cycle life’ [161]. This in turn depends on the total number of full charge and discharge cycles.
In terms of modelling battery ageing, there are three main approaches [162, 163]. The first
assumes that the battery does not age and therefore does not need replacement throughout
the system lifetime. This approach assumes the battery is perfect which is not an approach
that reflects how batteries function in reality. The second approach assumes that the battery
has an absolute lifetime (Nbatt) and needs replacement after a certain number of years. In
this approach, the battery’s performance is assumed to remain the same throughout its lifetime.
Finally, the third approach is a performance degradation modelling approach where the battery’s
capacity is assumed to degrade over time and the battery is replaced once its capacity reaches a
certain level [163]. Given that a battery’s capacity falls to 80% after hundreds of full charge and
discharge cycles [164] and given that initial assessments of the grid-independent system model
for Oman have shown that batteries only go through one complete charge and discharge cycle in
a year, the ‘cycle life’ impact on battery capacity was assumed to be negligible. Therefore, the
battery’s performance deterioration was modelled assuming that the battery has an absolute
lifetime, Nbatt.
3.1.2.2 Surplus (P+>0)
Initially, during a surplus, the power generated is used to satisfy demand (Psat). This can be
expressed by:
P sat = PD (3.14)
The remaining power is then used to charge the battery within its limits. If the battery is not
already fully charged, the battery will receive a charge current limited by the maximum charge
current, ICmax.
3. Residential Roof-Top Solar PV Models 44
The value of the available charge current, IC0, at any time (i.e. ignoring the state of the battery)
is given by:
IC0 =
P+
⌘cc⌘invV B
(3.15)
The actual charge current, IC, that accounts for the state of the battery is limited by ICICmax
as well as SOC<SOCmax. Therefore, if the battery is full (SOC=SOCmax) the battery cannot
be charged (IC=0). Otherwise, if SOC<SOCmax and IC0ICmax, then IC=IC0. If, on the other
hand, SOC<SOCmax and IC0>ICmax, then IC=ICmax. Given the battery voltage, VB, the battery
charge power, PBC, is given by:
PBC = ICV B (3.16)
The amount of charge gained by the battery during a time period  t or the battery charge
capacity, CC, is given by:
CC = (IC t)⌘
C
batt (3.17)
During a surplus, it is possible to export power to the grid if either; SOC=SOCmax or IC0>ICmax.
The power exported as a result of these conditions, Pexp is given by:
P exp = P
+   PBC (3.18)
3.1.2.3 Shortfall (P+<0)
In the event of a shortfall, all the power produced is used to satisfy demand. Therefore:
P sat = ⌘inv(⌘ccPm + PBD) (3.19)
Furthermore, the battery will meet this shortfall by discharging, up to the specified maximum
discharge current, IDmax. The current from the battery that would be required to meet the
shortfall in power, ID0, is given by:
ID0 =
 (P+)
⌘cc⌘invV B
(3.20)
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The actual discharge current, ID, accounting for the state of the battery, is limited by IDIDmax
and SOC>SOCmin. Therefore, if the battery is empty (SOC=SOCmin), the shortfall is met by
the grid. Otherwise, if SOC>SOCmin, it is prioritised over the grid to meet the shortfall by
discharging. In such cases, if ID0<IDmax, then ID=ID0. On the other hand, if ID0 IDmax, then
ID=IDmax. Given VB, the battery discharge power, PBD, is given by:
PBD = IDV B (3.21)
The amount of charge discharged by the battery during a time period t or the battery discharge
capacity, CD, is given by:
CD = (ID t)⌘
D
batt (3.22)
Since the grid is presumed available to ensure that the demand is always met when either
SOC=SOCmin or ID0>IDmax, the power being met by the grid, Pgrid, is given by:
P grid = ( P+)  ⌘invPBD (3.23)
3.1.2.4 Battery State of Charge (SOC)
Tracking the battery’s state of charge at any given time, SOC(t), can be calculated through
tracking the change in battery capacity,  C, where:
 C = CC   CD (3.24)
Negative values of  C result during discharge and positive values during charge. The battery
charge, C(t), at any time t, is therefore:
C(t) = [C(t  1) + C][1 BSDh] (3.25)
where C(t-1) is the charge of the battery during the previous time period. Therefore, the
battery’s state of charge at any given time, SOC(t), can be calculated using:
SOC(t) =
C(t)
C
(3.26)
This will be limited by the expression SOCminSOC(t)SOCmax.
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Figure 3.5: Schematic of grid-connected PV system [4].
3.1.3 Grid-Connected PV System
The grid-connected system designed is a simple system where the PV module is connected to a
DC/AC inverter as shown in Figure 3.5. The inverter e ciency (⌘inv) is assumed to be the same
as that of the grid-independent system. In a similar manner to the grid-independent system,
two situations could exist; a surplus in which the power output from the inverter Pinv is greater
than PD and a shortfall in which Pinv is less than PD. If Pinv equals PD, all power produced
is consumed immediately [4]. During a surplus, some of the power output from the inverter is
used to satisfy the demand, therefore:
P sat = PD (3.27)
The surplus power is then exported to the grid where:
P exp = P inv   PD (3.28)
On the other hand, during a shortfall the power output from the inverter is used to satisfy some
of the demand, therefore:
P sat = P inv (3.29)
Any additional power needed to satisfy the shortfall is imported from the grid where:
P grid = PD   P inv (3.30)
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3.1.4 Economic Model
Installing a grid-independent roof-top PV system into a household has the potential to provide a
return by eliminating electricity bills. In order to evaluate the attractiveness of this investment
to a rational actor, we include an economic analysis in our model using a net present value
(NPV) analysis, where NPV is composed of net present benefits (NPB) and net present costs
(NPC) contributions as described in Equation 3.31 and Equation 3.32 [4, 165–170].
NPC =
NX
n=0
Costtotal,n
(1 + r)n
(3.31)
NPB =
NX
n=0
Benefittotal,n
(1 + r)n
(3.32)
where Costtotal,n and Benefittotal,n are the total costs and benefits for year n, r is the discount
rate and N is the PV system lifetime. The NPV is the di↵erence between the NPB and NPC.
NPV = NPB  NPC (3.33)
Two parameters used to evaluate the attractiveness of an investment are the pay-back period
and the internal rate of return (IRR). The pay-back period measures the length of time required
to recover the cost of an investment and is reached at the break-even point when the NPB
is equal to the NPC, and consequently the NPV equals zero. From this point onwards, the
investment can be deemed profitable [4, 171–173]. However, the pay-back period ignores the
time value of money, unlike IRR which determines the interest rate at which the NPV equals
zero allowing investors to compare their required rate of return with the determined IRR. If the
IRR exceeds the required rate of return, the project is considered desirable [174].
3.1.4.1 Costs and Benefits
The main costs associated with the grid-independent system are the costs of the individual
components of the system as shown in Figure 3.3, in addition to installation and operation and
maintenance costs (O&M). For the grid-connected system, the costs are assumed to be the same
as that of the grid-independent system, excluding the cost of the battery and charge controller.
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The cost of the PV array in Omani Rials (OMR) is simply the unit cost of the module (UCPV),
measured in OMR/kW, multiplied by the peak power output of the module (MAX(Pm)) as
shown in Equation 3.34 [12, 146, 175–177].
CostPV = UCPV ⇤MAX(Pm) (3.34)
The cost of the battery is simply the unit cost of the battery (UCBatt), measured in OMR/kWh,
multiplied by the battery’s energy capacity; which is simply a product of the battery size (C)
and the battery voltage (VB), as shown in Equation 3.35. The battery is assumed to have a
lifetime of NBatt years therefore it needs to be replaced every NBatt years [6, 12, 146].
CostBattery = UCBatt ⇤ C ⇤ V B (3.35)
The inverter cost is calculated using the unit cost of the inverter (UCinv), measured in OMR/kW,
multiplied by the size of the inverter as shown in Equation 3.36. To determine the inverter
size, the peak load of the home must be found. However, given that the hourly demand data is
available, the inverter size was simply assumed to be the maximum value of demand, MAX(PD).
The inverter is assumed to have a lifetime of Ninv years therefore it needs to be replaced every
Ninv years [12, 145–147].
CostInverter = UC inv ⇤MAX(PD) (3.36)
The cost of the charge controller is the unit cost of the charge controller (UCcc), measured in
OMR/kA, multiplied by the size of the controller. The size of the charge controller is determined
by finding the current through the controller by using power equals voltage times current. In
order to account for variable power outputs, a safety factor (SF) is introduced [12, 145, 147].
Therefore, the cost of the charge controller can be described as:
Costcc = (
MAX(Pm)
V B
) ⇤ SF ⇤ UCcc (3.37)
Finally, the installation cost is taken to be 10% of the initial cost of the PV module and the
O&M cost is taken to be 2% of the PV module cost [4, 12].
In terms of benefits, the main benefit associated with a grid-independent system is an annual
reduction in electricity bills. This is calculated using the residential electricity tari↵ structure.
On the other hand, a grid-connected system is considered to have an additional benefit to that
of the grid-independent system. This benefit is due to the export of the surplus energy to the
grid.
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3.2 Input Data
The data input into the models described above can be divided into two parts; hourly data
which is input into the DC Source model and parameters that are input into all the models.
Both these input data sets are described in Sections 3.2.1 and 3.2.2 below.
3.2.1 Hourly Data
The hourly data needed to be input into the DC Source model include GSI, TA, PD and d.
Given that the only hourly demand data that could be resourced for Oman was for the city of
Muscat, the GSI and TA data was obtained from the meteorological station based in Muscat
[178]. Additionally, the dates and times provided with the data were used to generate hourly day
of year values (d). It must be noted that although this analysis is constrained to Muscat due to
the lack of data availability, this is considered su cient to provide insight on residential roof-top
PV systems in Oman given that Muscat is the capital of the main interconnected system (MIS)
region where approximately 88% of the country’s population live [20], 89% of the residential
electricity is supplied [37] and over 96% of the country’s housing units are situated [44].
3.2.1.1 Weather Data
Hourly temperature (TA) and GSI data for Muscat was collected from [178] where the latest
available hourly data was for the year 2007. Since the 2007 hourly weather data does not
technically match the 2013 demand data, as discussed in Section 3.2.1.2, an understanding on
how this data changes on a year on year basis was found to be necessary if the 2007 data was to
be input into the model. This was achieved through collecting the monthly TA and GSI data
for the period covering the years 2002 to 2013 and understanding how this di↵ers from the 2007
data [179–184]. This variation is represented by the error bars in Figure 3.6 which show that
although there are errors in TA and GSI, these errors are small. Therefore, it was established
that it is acceptable to assume that the 2007 hourly weather data was representative of the
year 2013. Additionally, in order to assist in understanding the relationship between weather
conditions and electricity demand, average monthly humidity data for the years 2007 to 2013
were resourced from [179–185]. This is shown by the red line in Figure 3.6 where it can be seen
that although temperature and irradiance peak in May, humidity is at its lowest during May.
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Figure 3.6: Graph summarising the weather data in Muscat. This graph shows that although
temperature and irradiance peak in May, humidity is at its lowest during May. On the other-
hand temperature and irradiance are high during the months of July and August while humidity
is at its maximum during these months. It is this combination of temperature and humidity
that influence cooling demand [178–185].
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3.2.1.2 Model Home
Half-hourly demand data for the year 2013 was collected from [53] for Muscat. This data
presented demand for two main dwelling archetypes in Oman; villas and arabic houses [110, 111].
The arabic houses data available only covered the month of June and was therefore considered
insu cient for this study. On the other hand, the villa data available covered the period between
the 20th of March to the 8th of December as summarised in Figure 3.7. This data was for 15
di↵erent villas, labelled V1 to V15, ranging in floor areas between 218 m2 to 858.3 m2. Given
the relative paucity of villa data available, a method was devised whereby a model villa with
hourly demand data for one year (PD) and an average roof area (Ar) was developed.
Demand Data (PD) Assessing the demand data obtained showed that the data did not cover
the whole year and that di↵erent parts of the year were covered by demand data from di↵erent
villas of di↵erent sizes. This can be clearly seen in Figure 3.7 which summarises the demand
data coverage by villas for the year 2013. Evaluating this figure, it was found that the year
could be divided into three parts:
(i) Months completely covered by demand data. These include the months ranging from April
to November since there is demand data to cover all these months. Therefore, for these
months, the demand data for the model home was taken to be the average of the demand
data available.
(ii) Months partly covered by demand data. This is applicable to both March and December
whereby the demand data obtained covers approximately one week of the month. Therefore
in these months, the hourly demand data was extrapolated by assuming that the data
available could be repeated for the rest of the month.
(iii) Data not available. This is applicable to both January and February where hourly demand
data for these months is not available. Therefore, demand data for these months was
extrapolated by comparing the total electricity supply for Muscat in March with that of
January and February [37]. It was therefore established that the hourly demand in January
was approximately 85% times that of March whereas the hourly demand in February was
approximately 89% of March.
Using the two methods highlighted above; averaging and extrapolating, hourly demand data for
the model home for one year was established. This is shown in Figure 3.8 which illustrates how
the hourly demand on a single day in January, March, July and September varies. In order to
ensure consistency, the specific day selected for Figure 3.8 was the 10th of every month.
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Figure 3.8: Chart illustrating the hourly demand (PD) developed for the model home in Muscat.
This chart shows how PD on the 10th day of January, March, July and September varies. From
this chart it can be seen that the daily PD for each month follows a similar trend indicating the
influence of occupant behaviour on electricity demand. This is further verified by the change in
demand trend during the evening in July, due to the month of Ramadan. Finally it is clear that
demand in January is much lower than that of July due to lower temperatures levels [53, 111].
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It is interesting to note that the daily demand for each month follows a similar trend whereby
demand peaks at midnight and peaks again during the day at approximately 15:00 hrs. This
indicates the influence of occupant behaviour on electricity demand. Another interesting point
to note is how the trend in the evening from 17:00 hrs is di↵erent in July. This is due to the fact
that in 2013, the 10th of July was on the holy month of Ramadan, where people’s daily routine
and behaviour changes when compared to the rest of the year. Finally, it is clear that demand
in January is much lower than that of July due to lower temperature levels as shown in Figure
3.6.
Roof Area (Ar) Given that the one year demand data established in Section 3.2.1.2 comes
from villas of di↵erent sizes with data covering di↵erent times of the year, a weighting method
was devised to establish a roof area (Ar) that reflects this variation. This method is summarised
in Figure 3.9 which shows how a weighted floor area for the months in which data was available
(March to December) was calculated. Using the average of these weighted floor areas and by
obtaining the standard wall thickness of Omani homes from [186] as well as assuming a rect-
angular archetypical home, Ar was estimated to be approximately 95% of the average weighted
floor area at 503 m2. This assumption was based on a study by Sweetnam et al [111] which
showed that a large portion of the villa archetype in Oman is rectangular.
3.2.2 Input Parameters
In addition to the hourly data required to be input into the DC Source model, several parameters
were required to be input into the DC Source model, the grid-connected and grid-independent
PV system models and the economic model. These are discussed further in Sections 3.2.2.1,
3.2.2.2 and 3.2.2.3 and summarised in Tables 3.2, 3.3 and 3.4.
3.2.2.1 DC Source
Given that the hourly data input into the model was for Muscat, the latitude ( ) of the model
home as required by Equation 3.4 was assumed to be the latitude of the Muscat meteorological
station; given as 23.6  [178]. The tilt angle ( ) needed to be input into Equation 3.5 was
determined by assuming that   is changed manually on a monthly basis to achieve maximum
monthly power output (Pm). This was assumed to be reasonable since a monthly manual change
in   by household occupants is not too time consuming and allows for maximum monthly Pm
generation. Therefore, through inputting the hourly TA and GSI data into the DC source model,
the optimum monthly   was calculated as summarised in Figure 3.10.
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Figure 3.10: Optimum tilt angle ( ) per month in Muscat. These tilt angles were then used for
the remainder of this study by assuming that   is changed manually on a monthly basis.
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The specific type of PV technology that was studied is the crystalline-silicon (c-Si) module as
this is a mature technology which dominates the market with an 85-90% share [4]. For c-Si
panels, the average values of ⌘ref and  ref are 0.12 and 0.004K-1 respectively while Tref is 25 C
in general [187]. These values are usually provided by the PV manufacturer. Additionally, c-Si
panels have a median annual degradation rate (PVD) of 0.7% [138]. Finally, for the nominal
operating cell temperature (NOCT), given that for a typical module, the value of NOCT is
48 C, it was chosen for this study [137].
3.2.2.2 Grid-Connected and Grid-Independent PV Systems
The specific type of energy storage technology chosen for this study was the lead-acid battery
due to its maturity, familiarity and low cost [153, 188]. This battery was assumed to have
a monthly self-discharge rate, BSD, of 5% [160] and a charge/discharge e ciency, ⌘Cbatt and
⌘Dbatt, dependant on the charge/discharge currents [158, 159]. Therefore, ⌘Cbatt and ⌘Dbatt were
modelled according to a relationship described by Jenkins et al [16] for lead-acid batteries as
shown in Equation 3.38 below.
⌘C,Dbatt =
100
13.3ln
CV B
IC,D
+ 59.8
(3.38)
Since the battery is assumed to be connected to a charge controller, its e ciency, ⌘cc, was set at
98% [16]. Inverters which convert DC power coming from either the DC source or the battery to
AC power typically have e ciencies ranging between 92% and 98% [189, 190]. However, for this
study, the inverter e ciency, ⌘inv, was set at 94% for both grid-connected and grid-independent
PV systems. Additionally, the inverter lifetime, Ninv, was set at the typical age of 10 years
[12, 145–147].
The battery voltage, VB, is a function of battery current (resistive drops) and temperature
[153–155, 157]. Since lead-acid batteries have a very low internal resistance (<100 milli ohms)
the internal resistance was assumed to be zero and therefore current e↵ects on VB were assumed
to be zero [150]. Additionally, temperature e↵ects on VB were ignored since the battery was
assumed to be stored in-doors at a constant ambient temperature. Therefore, throughout this
analysis, VB was assumed to remain constant at a set value. In terms of determining a value
for VB, a guidance by IRENA [191] on PV/battery systems showed that system voltages can
be 12, 14 or 48 V for commercial applications [192]. For systems greater than 3-4 kWh, it was
recommended to use a system voltage of 48 V. Therefore, the battery voltage (VB) was set at
48 V.
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Slab in kWh Tari↵ in OMR/kWh
1 to 3000 0.010
3001 to 5000 0.015
5001 to 7000 0.020
7001 to 10000 0.025
Over 10000 0.030
Table 3.1: Residential electricity tari↵ structure in Oman [200].
Given that battery capacity is a↵ected by current flow, a common method for indicating the
discharge as well as the charge current of a battery is the ‘C rate’, which is expressed in kilo
amp-hours (kAh). For this study, the maximum charge current (ICmax) and discharge current
(IDmax) were set to C/10, since charge is added and removed more e ciently at lower currents
[16, 151]. Additionally, given that full discharge will permanently destroy lead-acid batteries,
SOCmin was set at 30% [152, 154]. However, SOCmax was set at 100% since full charge is possible
in lead-acid batteries [16]. Finally, lead-acid batteries have a typical lifetime ranging between 3
to 10 years, therefore NBatt was set at 5 years [16, 193].
3.2.2.3 Economic Model
Given that most PV systems have lifetimes ranging between 20 to 25 years, the lifetime, N, of
the system was assumed to be 20 years [4, 12, 16, 142]. In addition, several studies on renewable
energy systems in Oman have used a discount rate, r, of 7.55% to assess the feasibility of the
investment [41, 142]. Given that this rate is a rate that has been agreed on with the Omani
government, it was assumed to be suitable for this study. Furthermore, the unit costs of the
PV system, including the PV module, the inverter, the battery and the charge controller have
been obtained by reviewing various studies and reports [144, 191, 194, 195] as well as conducting
a market review [196–198]. Most of these costs were in US dollars or Euros and therefore the
following exchange rates were used; 0.38 USD/OMR and 1.13 USD/EUR [199]. These rates
have been assumed to remain constant. Finally, the electricity bill saving benefit from PV
installations was calculated using Oman’s current residential electricity tari↵ structure (Table
3.1) [200]. Given that Oman currently has no policy for export of electricity to the grid by small-
scale producers, the profits from the export of electricity to the grid is calculated assuming that
the same tari↵ structure (Table 3.1) that holds for the import of grid electricity holds for the
export of electricity to the grid.
3. Residential Roof-Top Solar PV Models 59
3.3 Concluding Remarks
In this chapter, we presented four sub-models designed to assess the technical and economic
feasibility of residential roof-top PV systems. These models have been implemented in gPROMs
which allows for the creation of small models that can be connected together in various configu-
rations. They are applicable to various locations as well as di↵erent PV and battery technologies.
However, the design of these models has been constrained by the data availability with regards
to the location of interest, namely Oman. Further data availability would allow for further de-
velopment of the model and the inclusion of other important parameters in the assessment such
as humidity or occupant behaviour.
The specific city selected as a case study for Oman is Muscat due to data availability. This was
considered acceptable since Muscat is the capital of the MIS region where approximately 88%
of the country’s population live [20], 89% of the residential electricity is supplied [37] and over
96% of the country’s housing units are situated [44]. However, due to the relative paucity of
the hourly data collected, a methodology for generating a model home with a relative roof area
and hourly demand was presented. This model home could be used in future modelling work.
On the other hand, the technologies assessed were crystalline-silicon PV and lead-acid batteries
due to their familiarity and low cost [4, 153, 188]. All input data parameters relevant to the
location, technology choices and economic model were presented.
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Chapter 4
Techno-Economic Assessment of
Residential Roof-Top PV Systems in
Muscat, Oman
The purpose of this chapter is to set out in detail the bottom-up approach used in assessing
the potential of an individual dwelling in Muscat that uses roof-top PV systems and lead-acid
batteries to completely replace power imported from the grid. Any excess power produced by
the system is stored by the battery instead of being exported to the grid; thereby making the
system as independent of the grid as possible. Such a system, defined in this study as a grid-
independent system, would not only seek to match supply with demand but would also eliminate
issues emerging from connecting to the grid such as over-voltage and reverse power flows.
The assessment of the feasibility of grid-independent systems was divided into two parts. The
first being a technical assessment where initially, the surface area of solar panels required to
produce su cient power such that annual demand is exceeded was established. The character-
istics of the battery needed to achieve grid-independent status were then determined and the
impacts of PV degradation, PV e ciency and battery self-discharge were explored. The impact
of changing the grid-independent system installation dates on battery start-up conditions was
assessed and the e↵ects of running the system continuously for one year versus five and twenty
years were explored. The second part of the assessment was an economic analysis where the
investment feasibility of the grid-independent system was compared to the feasibility of a similar
grid-connected system. Finally, conclusions on the feasibility of roof-top PV systems in Muscat
were drawn.
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4.1 Technical Results
4.1.1 Supply vs Demand
Before determining whether an individual dwelling in Muscat can become grid-independent, it
is necessary to understand whether power supply from roof-top PV panels can ever exceed the
current demand. Figure 4.1(a) shows how the annual Em/m2 from roof-top PV increases as the
roof area coverage,  , increases. The error bars show how Em/m2 would vary as PVD changes
between 0% and 2.5% [138]. This chart clearly shows that at the median PVD of 0.7%, supply
can exceed demand when 33% of the roof is covered. However, this value can go as high as 55%
when PVD=2.5%.
Once the   needed for supply to exceed demand was determined, the monthly variations of
Em/m2 and ED/m2 at  =33% and PVD=0.7% were determined and are presented in Figure
4.1(b). Additionally, the error bars show how the value of Em/m2 at  =33% would vary as
PVD changes between 0% and 2.5%. This chart shows that for seven months of the year, supply
exceeds demand. However, in the summer months, particularly July and August, the demand
increases by a factor of six. By comparing Figure 4.1(b) with Figure 3.6, it can be seen that
although the temperature peaks in May, the demand does not peak in May. The red line, which
shows the average humidity, helps explain why this is the case. Although the temperature peaks
in May, humidity is at its minimum in May. Conversely, humidity is highest in July and August
and the temperatures are high during these months, leading to increased demand for cooling
[202].
4.1.2 One Year Grid-Independent: Changing PVD and BSD
Following the assessment of Em/m2 versus ED/m2, the potential of an individual dwelling in
Muscat to become grid-independent was examined. It must be noted that in this study, grid-
independent status was defined as the point at which no power is imported from or exported to
the grid (Pgrid=Pexp=0). This was initially achieved by determining the characteristics needed
for a system; which starts running with an empty battery on the 1st of January mid-day and runs
for one year, to become grid-independent. The specific year chosen in this assessment was the
final year of the project (i.e., at n=N-1) since the system is at its most degraded state in the final
year. This choice is necessary since the roof area coverage needed to become grid-independent
in the final year is the minimum needed by the system to cover demand throughout its lifetime.
Therefore the characteristics determined in this assessment include the roof area coverage ( GI)
and the battery size (CGI) needed to be grid-independent for one year. The impact of changing
the PVD and BSD on  GI and CGI is shown in Figure 4.2.
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Figure 4.1: Graphs showing if solar PV supply in Muscat can exceed demand at the median
PVD of 0.7%. The error bars show how Em/m2 would vary as PVD changes between 0% and
2.5% [138]. (a) Graph showing the change in annual Em/m2 and ED/m2 with  . This graph
shows that at the median PVD of 0.7%, Em can exceed ED at  =33%. However, this value
can go as high as 55% when PVD=2.5%. (b) Graph showing monthly Em/m2 and ED/m2
at  =33%. This graph shows that for seven months of the year, Em exceeds ED. The only
exceptions to this are the summer months, mainly July and August, where demand is mainly
driven by air-conditioning [37, 111].
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Figure 4.2: Graphs showing the impact of changing PVD and BSD on the grid-independent
system characteristics in Muscat for year n=N-1 where (a) shows how  GI is impacted and (b)
shows how CGI is impacted. These charts indicate that in order to reduce the grid-independent
system size in Muscat, PVD needs to be reduced but a balance in BSD needs to be found
whereby both  GI and CGI are minimised.
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From Figure 4.2(a), it can be seen that the minimum   needed to achieve grid-independent
status is larger than the 33% determined in Section 4.1.1. This is mainly due to the fact that
Section 4.1.1 does not take into consideration losses due to the inverter, charge controller and
battery. Therefore, at the current PVD of 0.7% and BSD of 5%, grid-independent status at year
n=N-1 can be achieved with  GI=40% and CGI=165 kAh.
It can further be observed that while both PVD and BSD have an impact on minimising  GI,
reducing BSD results in a bigger CGI requirement. The impact of PVD and BSD on  GI is due
to the fact that these variables impact the amount of power available for use. Thus, the higher
PVD and/or BSD, the larger the power losses which means additional power is needed to be
produced, therefore  GI is higher. On the other hand, reducing BSD increases the amount of
charge the battery needs to store resulting in a bigger battery size requirement. Since a reduction
of PVD results in a reduction in  GI but maintains the amount of energy produced, its impact
on CGI is minimal. These results indicate that in order to reduce the grid-independent system
size in Muscat, PVD needs to be reduced but a balance in BSD needs to be found whereby both
 GI and CGI are minimised.
4.1.3 One Year Grid-Independent: Changing Solar PV E ciency (⌘ref)
The analysis of the previous section assessed the impact of changing PVD and BSD on  GI and
CGI. This section assesses the impact of changing the solar PV e ciency (⌘ref) with results
illustrated in Figure 4.3 where increasing ⌘ref from its current 12% to the Shockley-Queisser
limit of 33% [203] reduces the roof area coverage by about 60%. Although more e cient solar
panels tend to be more expensive [204], PV prices are impacted by various other factors such
as economies of scale and automation. Therefore, if the prices are assumed to remain the same,
this in turn would mean a 60% reduction in PV capital costs.
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Figure 4.3: Graph showing the impact of changing the solar PV e ciency (⌘ref) of a grid-
independent system in Muscat from its current 12% to the Shockley-Queisser limit of 33% on
 GI [203]. This chart clearly shows that increasing ⌘ref could reduce  GI by up to 60%.
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4.1.4 One Year Grid-Independent: Di↵ering Installation Dates
In order to assess the impact of battery installation dates on grid-independent system char-
acteristics as compared to January, three di↵erent points of year n=N-1 (March, July and
September) were chosen. As can be seen from Figure 4.4, the time you install and start run-
ning the grid-independent system in Muscat matters. Installing the system in January requires
an empty battery of size CGI=165 kAh while installing the system in July requires a larger
battery (CGI=191 kAh) that is pre-charged (SOCinitial=98%). This is due to the fact that in
January supply exceeds demand and therefore the battery is in ‘charging’ mode whereas in July
demand exceeds supply and therefore the battery is in ‘discharging’ mode. Therefore the sys-
tem installation characteristics is largely driven by the demand profile and thus the less varied
the demand is throughout the year, the less varied will be the system characteristics needed to
achieve grid-independent status.
January 
SOCinitial=30% 
χGI=40% 
CGI=165 kAh 
March 
SOCinitial=60% 
July SOCinitial=98% 
September 
SOCinitial=39% 
χGI=40% 
CGI=191 kAh 
χGI=40% 
CGI=180 kAh 
χGI=40% 
CGI=165 kAh 
Figure 4.4: Image depicting the battery specifications needed to achieve grid-independent status
in Muscat at four di↵erent installation dates of year n=N-1; January, March, July and Septem-
ber. This image indicates that the time you install and start running the grid-independent
system in Muscat matters and that grid-independent system characteristics is largely driven by
the demand profile.
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4.1.5 Five Year Grid-Independent
All previous analyses considered how to achieve grid-independent status by running the system
for one year. However, given that the battery is assumed to have a lifetime of five years, it is
important to determine the point at which the system achieves grid-independent status whilst
running continuously for five years. Since the previous assessment considered the final year of
the project, the five years chosen in this assessment are the final five years of the project (i.e.,
from n=N-5 to n=N-1). By simulating a system that starts running on the first day of January,
mid-day for five years, it is clear that there is an annual variation in SOCinitial as shown in
Figures 4.5, where in the first year SOCinitial builds up reducing the available storage space and
in the consecutive years, SOCinitial reduces due to an increased annual discharge range. This
reduction in SOCinitial is due to PVD, since every year, the PV panel produces less power causing
the battery to discharge slightly more power in order to satisfy the demand. When PVD=0%,
this decline in SOCinitial does not exist. Since increased charge/discharge ranges put a strain
on battery lifetime [151], it can be concluded that increased PVD impacts the lifetime of the
battery. Additionally, given the fact that the PV panels are less degraded in the previous years
implies that for  GI=40%, excess energy is produced. This combination of factors indicate that
a 165 kAh battery is not big enough to achieve grid-independent status and therefore a bigger
battery is needed (CGI=202 kAh) in order to be as independent from the grid as possible.
4.1.6 Twenty Year Grid-Independent
The analysis in Section 4.1.5 looked at sizing the grid-independent system for the final five years
of the system lifetime. Given that the grid-independent system is assumed to have a lifetime,
N, of 20 years (Table 3.6), the batteries should be expected to be replaced four times (i.e., at
n=0, n=5, n=10 and n=15). Assuming  GI remains at 40% throughout the system lifetime, Pm
will reduce annually due to PVD. Therefore the battery size, CGI, for the first five years will
be higher than that for the final five years due to the excess power produced. This is shown in
Figure 4.6 which shows the minimum battery sizes needed for the system to be grid-independent
at four di↵erent points within its lifetime. This chart also shows how the state of charge (SOC)
of the batteries changes in 20 years depicting clearly how the battery discharge range increases
annually due to PVD.
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Figure 4.5: Image depicting the annual variation of SOCinitial of a 165 kAh grid-independent
system in Muscat that runs in the final five years of the system lifetime (i.e., from n=N-5 to
n=N-1). This image shows that when the grid-independent system runs for more than one year,
there is an initial build up in SOCinitial thereby reducing the available storage space. After the
first year, SOCinitial reduces slightly on an annual basis due to an increased discharge range.
This reduction in SOCinitial is due to PVD, since every year, the PV panel produces less power
causing the battery to discharge slightly more power in order to satisfy the demand. When
PVD=0%, this decline in SOCinitial does not exist. Since increased charge/discharge ranges put
a strain on battery lifetime [151], it can be concluded that increased PVD impacts the lifetime
of the battery.
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Figure 4.6: Graph showing the minimum CGI needed for the system in Muscat to be grid-
independent at four di↵erent points within its 20 year lifetime (i.e., at n=0, n=5, n=10 and
n=15). The change in SOC of the batteries throughout the 20 years is also shown by the blue
line. From this chart it can be seen that as n increases, CGI decreases and battery discharge
range increases. This is mainly due to the reduction in Pm and therefore excess power over
the years due to PVD causing the battery to discharge more power annually in order to satisfy
demand.
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4.2 Economic Results
Following the technical assessment of the grid-independent PV system, the economic feasibility
of such an investment was assessed and compared to the economic feasibility of a similar grid-
connected system which exports any surplus power to the grid.
4.2.1 Grid-Connected System vs Grid-Independent System
Figure 4.7 compares the NPV of a grid-connected system in Muscat with that of a grid-
independent system. In addition, the impacts of increasing PV e ciency, ⌘ref, to 33% and
reducing PVD and BSD to 0% are shown in Figure 4.7. It must be noted that these results
are for a system which is assumed to start running in January, mid-day. The battery sizes for
the grid-independent system at PVD=0.7% and BSD=5% are those summarised in Figure 4.6.
However, for PVD=0%, the grid-independent system was modelled with a battery size that did
not change at CGI=238 kAh. Furthermore, given that the cost of batteries is expected to de-
crease exponentially over the years at an annual rate ranging between 8-14% [205–207], the cost
of the batteries was assumed to reduce annually by 11%. Additionally, in order to allow for the
comparison with other power generating technologies, the levelised cost of electricity (LCOE) is
shown in Figure 4.7 for both grid-connected and grid-independent systems [208].
As can be seen from Figure 4.7, it is clear that both grid-connected and grid-independent systems
in Muscat are not feasible since the NPV remains negative throughout the system lifetime, even
when ⌘ref is increased and PVD and BSD are decreased. This can be explained by comparing
Oman’s residential electricity price with the rest of the world as shown in Figure 1.2 [34]. At 2.5
U.S. cents per kWh, the electricity price in Oman is very low, where it is 15 times lower than
that of Germany, 11 times lower than Spain and 5 times lower than the United States [13]. This
low electricity price indicates that the benefits that come from PV investments are insu cient
to out-weigh the costs therefore making the investment infeasible. Secondly, grid-independent
systems are approximately 40 times more infeasible than grid-connected systems. This is largely
driven by the high battery costs, which form over 97% of the total system cost. Finally, due to
Muscat’s high solar irradiance as well as the assumption of a maximised solar PV output, as
described in Section 3.2.2.1, the LCOE for grid-connected systems was calculated to be 15-50%
lower than that generally reported for solar PV systems [209, 210]. However, given the high
battery costs, the LCOE of grid-independent systems was found to be over twenty times higher
than any other power generating system [209, 210].
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Figure 4.7: Graph showing the NPV of a grid-connected system vs a grid-independent sys-
tem in Muscat. The dotted lines show the impacts of increasing ⌘ref to 33% and reducing
PVD and BSD to 0%. Additionally, in order to allow for the comparison with other power
generating technologies, the levelised cost of electricity (LCOE) for both grid-connected and
grid-independent systems is shown. From this chart it is clear that at current electricity prices
both grid-connected and grid-independent systems are not feasible in Muscat since the NPV
remains negative throughout the system lifetime.
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4.2.2 Increasing Electricity Prices
Given that low electricity prices is one reason behind why roof-top PV systems in Muscat are
not feasible, the next step is to assess the impact of increasing the electricity price on both
grid-connected systems and grid-independent systems. In this assessment, the structure of the
electricity tari↵ was assumed to remain the same as in Table 3.1 while any increase was assumed
to be a multiple of the same tari↵ structure. Figure 4.8 shows the impact of increasing the price
of electricity on the economic feasibility of both grid-connected and grid-independent systems.
From this chart it is clear that increasing the price of electricity to 5.94 times the current tari↵,
at an average price similar to that of Romania [34] and Oman’s cost-reflective tari↵ [30, 37],
makes the system feasible with a pay-back period of ten years. On the other hand, given that
grid-independent systems have significantly larger up-front costs, the increase in electricity price
needed to break-even is much higher than that for grid-connected systems, with an increase of
338.70 times the current tari↵ in order to achieve a pay-back period of ten years. This tari↵ is
over 21 times higher than most countries in the world indicating that an increase in electricity
price alone is not enough to make grid-independent systems feasible in Muscat [34]. Finally,
although the impacts of increasing ⌘ref to 33% and reducing PVD and BSD to 0% are not shown
in Figure 4.8, it was found that they do reduce the amount of price increases needed; 4.51 for
grid-connected systems and 279.85 for grid-independent systems.
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Figure 4.8: Graphs showing the impact of increasing electricity prices in Muscat on the NPV
where the dashed lines show the price increases needed to achieve a pay-back period of ten years
for (a) grid-connected systems and (b) grid-independent systems. This chart shows that for grid-
connected systems to have a pay-back period of ten years, the price must increase by 5.94 times
its current tari↵. On the other hand, grid-independent systems require a significantly much
larger price increase (338.70 times the current tari↵) indicating that an increase in electricity
price alone is not enough to make grid-independent systems feasible in Muscat.
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4.2.3 Technology Cost Reduction
In addition to the impacts of increasing electricity prices, this section explores the impacts
of reducing technology cost, mainly the two most expensive technologies (PV and battery),
on the economic feasibility of residential roof-top PV systems where Section 4.2.3.1 evaluates
technology cost reduction impacts on grid-connected systems in Muscat and Section 4.2.3.2
evaluates technology cost reduction impacts on grid-independent systems in Muscat.
4.2.3.1 Grid-Connected System
Figure 4.9 shows the combined impact of increasing electricity prices by up to five times and
reducing the unit cost of the PV panel (UCPV) on the internal rate of return (IRR) of grid-
connected systems in Muscat. The international electricity prices corresponding to the price
increase factors based on Figure 1.2 are marked. Additionally, the IRR needed for these in-
vestments to become feasible for a private investor at IRR=13% (red-line), a pension fund at
IRR=8% (black-line) and the government at IRR=4% (blue-line) are marked. These IRR val-
ues were based on values chosen by Mac Dowell and Fajardy [211], where it was argued that
in the case of public capital, an acceptable IRR would be of the order of 4-6% whereas in the
case of private capital, the IRR would be of the order of 10-14%, if not more. Given that
pension funds are neither completely public nor private, their IRR was assumed to be in the
range of 7-9%. From this figure, it is clear that in addition to the phasing out of subsidies
and therefore increasing electricity prices, reducing the cost of the PV plays a significant role
in increasing the feasibility of grid-connected systems in Muscat. Although at the current tari↵
large reductions in UCPV are needed to make grid-connected systems feasible, combined with
increasing electricity prices, the reduction in UCPV doesn’t necessarily need to be large; where a
20% reduction makes grid-connected systems attractive to private investors when the electricity
price in Muscat is lower than the USA average. Given that PV costs are forecast to drop by
10-23% per year within the next fifteen years due to factors such as the reduction in the price of
poly-silicon, improvements in technology and increases in industry investment [212, 213], these
results indicate that these factors should be su cient to drive PV costs to levels that enhance
the feasibility of grid-connected systems in Muscat.
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Figure 4.9: Chart showing the combined impact of increasing electricity prices by up to five
times and reducing the unit cost of the PV panel (UCPV) on the internal rate of return (IRR)
of grid-connected systems in Muscat. The international electricity prices corresponding to the
price increase factors based on Figure 1.2 are marked. Additionally, the IRR needed for these
investments to become feasible for a private investor at IRR=13% (red-line), a pension fund at
IRR=8% (black-line) and the government at IRR=4% (blue-line) are marked. From these charts
it is clear that reducing the cost of the PV plays a significant role in increasing the feasibility of
grid-connected systems in Muscat.
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4.2.3.2 Grid-Independent System
Figure 4.10 shows the combined impact of increasing electricity prices, reducing the unit cost
of the PV panel (UCPV) and reducing the unit cost of the battery (UCBatt) on the internal
rate of return (IRR) of grid-independent systems in Muscat. For comparative purposes, the
tari↵ was increased to the price of other countries based on Figure 1.2 including the USA, UK,
Spain and Germany. The maximum UCBatt considered was 5% of the current UCBatt since
anything above 5% was found to result in negative IRRs. Additionally, the IRR needed for
these investments to become feasible for a private investor at IRR=13% (red-line), a pension
fund at IRR=8% (black-line) and the government at IRR=4% (blue-line) are marked. This chart
confirms that increases in the electricity price makes grid-independent systems more feasible in
Muscat. Additionally, it shows that although a reduction in PV cost increases the feasibility of
grid-independent systems, it is the reduction in battery cost that has a more significant impact
on the feasibility of grid-independent systems since battery cost constitutes 97% of the total
cost of grid-independent systems in Muscat. Additionally, it is clear from this chart that at the
current electricity price, grid-independent systems are infeasible in Muscat at any UCBatt and
UCPV where the IRRs are always negative. However, combined with an increase in electricity
price, grid-independent systems can become economically feasible with significant reductions
in UCBatt; where increasing prices to Germany’s average requires the battery price to drop by
93-94% (i.e. 6-7% of UCBatt) which is equivalent to 10-11 USD/kWh. When compared to the
forecast in battery price reductions as explored by Schmidt et al [19], where battery packs are
forecast to drop to 175 ± 25 USD/kWh once 1 TWh of capacity is installed, it is clear that
increased production and economies of scale are not enough to achieve such price reductions and
that further research in technology innovation is necessary.
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Figure 4.10: Chart showing the combined impact of increasing electricity prices, reducing the
unit cost of the PV panel (UCPV) and reducing the unit cost of the battery (UCBatt) on the
internal rate of return (IRR) of grid-independent systems in Muscat. For comparative purposes,
the tari↵ was increased to the price of other countries based on Figure 1.2 including the USA,
UK, Spain and Germany. The maximum UCBatt considered was 5% of the current UCBatt since
anything above 5% was found to result in negative IRRs. Additionally, the IRR needed for
these investments to become feasible for a private investor at IRR=13% (red-line), a pension
fund at IRR=8% (black-line) and the government at IRR=4% (blue-line) are marked. This
chart confirms that increases in electricity price make grid-independent systems more feasible in
Muscat. Additionally, it shows that although a reduction in PV cost increases the feasibility of
grid-independent systems, it is the reduction in battery cost that has a more significant impact
on the feasibility of grid-independent systems since battery cost constitutes 97% of the total
cost of grid-independent systems in Muscat. However, combined with an increase in electricity
price, grid-independent systems can become economically feasible with significant reductions
in UCBatt; where increasing prices to Germany’s average requires the battery price to drop by
93-94% (i.e. 6-7% of UCBatt).
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4.3 Concluding Remarks
Oman’s annual electricity consumption per household at 44 MWh/hh.yr is amongst the highest
in the world, comparable only to other countries in the region such as Kuwait at 40 MWh/hh.yr
and Qatar at 31 MWh/hh.yr [39, 40]. When compared to other countries in the world, such as
the USA at 12 MWh/hh.yr, Australia at 7 MWh/hh.yr and the UK, Germany and Spain all at
approximately 4 MWh/hh.yr, it can be clearly seen how high Oman’s household electricity con-
sumption is [39]. It could be said that since the electricity consumption value of 44 MWh/hh.yr
for Oman is only representative of villas based in Muscat, this value could be expected to be
lower when other regions in Oman as well as other types of homes are considered. However,
even at 50% lower than its current value, at 22 MWh/hh.yr, the average electricity consumption
per household in Oman is still very high.
In turn, this study has shown that household demand in Oman is mainly driven by cooling
demand, where the demand profile follows a similar trend to the temperature and humidity
profiles. Therefore, further thought needs to be put into the architecture of households as well the
cooling technologies used in order to reduce demand. Additionally, the ease in which the demand
profile follows the temperature and humidity profiles indicates that there is a behavioural aspect
to the high household demand in Oman. This, in turn, could be related to the low electricity
prices, indicating that the electricity tari↵ structure could be changed and used to influence
behaviour and therefore demand [115].
Secondly, the combination of high household demand, low electricity prices and high battery
cost renders grid-independent systems infeasible in Muscat. The high demand results in a
larger overall system size and therefore larger upfront costs, 97% of which is the cost of the
battery. Even increasing the PV panel e ciency to its maximum theoretical e ciency does
little to bring down this capital cost. In turn, reducing the unit cost of the battery can make
grid-independent systems feasible in Muscat provided electricity tari↵s are increased to that of
Germany’s average. However, this reduction needs to be significant (93-94%) indicating that
an increased installation capacity alone is not enough to achieve such price reductions and that
further research in technology innovation is necessary.
Furthermore, a larger system size not only makes grid-independent systems economically infea-
sible, it makes them practically infeasible, as illustrated in Figure 4.11. Here, it can be observed
that in order to have a 302 kAh system for five years, assuming that each battery has a capacity
of 2.4 kWh and weight of 75 kg/kWh [214], 6040 batteries are needed that have a total weight
of 1087 tonnes occupying about 13% of the house [158, 159, 215]. Not only would storing such
a large and heavy amount of batteries prove di cult but the need to maintain them at ambient
temperature could result in further increasing the electricity demand. Similarly, changing the
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Figure 4.11: Image depicting and detailing the solar PV and battery specifications of a grid-
independent house in Muscat. This image shows the practical infeasibility of grid-independent
systems in Muscat where a 302 kAh system means 6040 batteries every five years with a total
weight of 1087 tonnes occupying about 13% of the house [158, 159, 214, 215].
battery type to one with a higher energy capacity such as a lithium-ion battery (8-10 kWh)
implies that although a smaller and lighter amount of batteries are needed; approximately 1610
batteries weighing about 181 tonnes (12.5 kg/kWh), these numbers are still quite high [216].
Additionally, lithium-ion batteries tend to be 2.5 to 3 times more expensive than lead-acid bat-
teries [214]. Furthermore, lithium itself is a non-renewable, finite product which makes this
option less attractive in the long term [217]. On the other hand, low electricity prices imply
that the benefits from grid-independent systems cannot outweigh the costs. The fact that a
large increase in electricity prices is needed to make grid-independent PV systems economically
feasible implies that in order to make such investments feasible, in addition to an increase in
electricity tari↵s, other PV support policies such as grants and loans are needed [218–220].
Finally, the fact that an increase in electricity price to an average price lower than other PV
successful countries such as Germany and Spain makes grid-connected PV systems economically
feasible with a pay-back period of less than ten years despite there being no PV support policies
such as feed-in-tari↵s (FITs) and the household demand in Oman being very high demonstrates
the potential of residential grid-connected systems in Oman [218–220]. Furthermore, small re-
ductions in PV cost as a result of increased installation capacity and industry improvements
would only make grid-connected systems more feasible in Oman. However, the successful im-
plementation of such systems requires well thought out policies as part of a national energy and
renewable energy strategy, with well thought out action plans and designated institutions which
assist in permit attainment, finance, behavioural awareness, and research. To date, such policies
still do not exist in Oman [31, 218–220].
Chapter 5
Techno-Economic Assessment of
Residential Roof-Top PV Systems in
La Paz, Mexico
In Chapter 4, it was found that one of the main reasons behind the infeasibility of grid-
independent systems in Muscat is the relatively high electricity consumption per household.
Therefore, in order to assess the impacts of electricity demand on the feasibility of grid-independent
systems, this chapter presents a case study whereby the demand per household is twelve times
lower than that of Muscat [49, 53, 221–223]. The benefits of assessing a di↵erent city as com-
pared to directly reducing the demand for Muscat is that it implements real demand and weather
profiles making the assessment more realistic. The city considered in this case study is La Paz in
Mexico. Its relevance to this study for comparative purposes is due to several reasons. Firstly,
similar to Oman, Mexico’s economy is oil reliant and fossil fuels dominate the energy mix [55].
This has resulted in Mexico ranking as the second biggest emitter of CO2 in Latin America after
Brazil [45]. Although its CO2 emissions per capita is four times lower than Oman and approxi-
mately two times lower than the UK and Germany [45], Mexico has committed to reduce 25% of
its CO2 emissions by 2030 as part of its INDC submission [56], making renewables an attractive
solution.
Secondly, the electricity sector in Mexico is highly subsidised where in 2014, the government
spent 6 billion USD in residential electricity subsidies [55]. 80% of this subsidy went to the
state of Baja California; where La Paz is located [64] since residential electricity consumption
is usually above the country’s average due to the hot weather and the need for air-conditioning
[49, 224–226]. This subsidy pushes the electricity prices to low levels where the average electricity
price in Mexico is approximately two times lower than the global average [35, 36]. Although
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this is three times higher than the electricity prices in Oman [34], it still represents a case
study wherein the real cost of electricity is distorted thereby allowing for direct comparison with
Muscat.
Thirdly, La Paz has an untapped solar energy potential comparative to that of Muscat as
depicted in Figure 2.3(a) [60, 61]. This makes the level of electricity demand as well as the
demand profile the main di↵erence between La Paz and Muscat giving greater insight on the
ability to make these systems more feasible. Therefore, this chapter applies the same analysis as
that presented in Chapter 4 to La Paz. Given that the purpose of this analysis is comparative,
the input data used is the same as those discussed in Section 3.2 with the exception of data
specific to La Paz as explained in Section 5.1. Additionally, all the assumptions summarised
in Tables 3.5 and 3.6 have been applied to this case study. Furthermore, in a similar manner
to Chapter 4, the feasibility assessment was divided into two parts; a technical assessment and
an economic assessment presented in Sections 5.2 and 5.3 respectively. These results were then
compared to the results for Muscat and discussed in Section 5.4.
5.1 Input Data
Since the purpose of this analysis is comparative, the input data used is the same as those
discussed in Section 3.2 with the exception of data specific to La Paz such as the hourly weather
and demand data as well as several input parameters including the latitude ( ), the tilt angles ( )
and any economic data related to electricity tari↵s and prices. These are discussed in Sections
5.1.1, 5.1.2 and 5.1.3 below.
5.1.1 Weather Data
In order to match the demand data (Section 5.1.2), hourly temperature (TA) and irradiance
(GSI) data for La Paz for the year 2016 were collected from La Paz’s weather station [93], as
shown in Figure 5.1. The dates and times provided with the data were used to generate hourly
day of year values (d). From Figure 5.1 it can be seen that temperature and irradiance is highest
in the summer months, such as July, resulting in an increased demand for air-conditioning [224].
5.1.2 Model Home
Hourly demand data (PD) for an individual dwelling in La Paz are di cult to obtain, therefore
a method was devised whereby a model home for La Paz with hourly demand data for one year
(PD) and an average roof area (Ar) was developed as described below.
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Figure 5.1: Chart illustrating how the hourly temperature (TA) and irradiance (GSI) data on
the 10th day of January, March, July and September varies in La Paz for the year 2016 [93].
From this chart it can be seen that temperature and irradiance is highest in the summer months,
such as July, resulting in an increased demand for air-conditioning [224].
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Figure 5.2: Flow chart describing the methodology used to produce hourly demand data (PD)
for an individual dwelling in La Paz [49, 221–223].
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5.1.2.1 Demand Data (PD)
In order to produce hourly demand data (PD) for an individual dwelling in La Paz, power
demand on a regional level was obtained from Mexico’s National Electricity System Development
Programme (PRODESEN), where gross hourly demand forecasts for the year 2016 were available
[221]. This demand was scaled down using the methodology summarised in Figure 5.2 to obtain
hourly PD data for houses in La Paz. In order to verify this PD data, it was summed to obtain
the annual demand per household; 3,438 kWh/hh.yr. This was then compared to the ratio of La
Paz’s annual residential electricity sales with the number of electricity users for the year 2016
[49]; which was calculated to be 3,330 kWh/hh.yr. Given the minor di↵erence in the two values,
it was established that the hourly PD data produced is su cient to represent an individual house
in La Paz.
Figure 5.3 illustrates how the produced hourly PD data for La Paz varies on a single day in
January, March, July and September. In order to ensure consistency, the specific day selected
for Figure 5.3 was the 10th of every month. When comparing this chart to Figure 5.1, it is clear
that demand is temperature driven since the months characterised with lower temperatures
(January and March) have approximately half the demand of those characterised with higher
temperatures (July and September). Additionally, it is interesting to note that although the
daily demand for each month follows a similar pattern, the times in which demand peaks is
di↵erent for the higher temperature months than the lower temperature ones. This indicates
the influence of occupant behaviour on electricity demand.
5.1.2.2 Roof Area (Ar)
Due to the lack of data availability, general statistics from the Building Code for Dwellings by
Mexico’s National Housing Commission (CONAVI) [227] were used to identify a roof area for
the model home (Ar). Figure 5.4 summarises the area of houses in Mexico and how it has varied
from 2013 to 2017 [54]. From this chart it is clear that for the year 2016, approximately 50%
of the houses had an area of up to 60 m2. Therefore, this area was selected as the roof area for
the model home.
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Figure 5.3: Chart illustrating the hourly demand (PD) developed for the model home for La
Paz. This chart shows how PD on the 10th day of January, March, July and September varies.
It is clear that July and September present higher levels of energy demand due to increased
cooling demand [224].
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Figure 5.4: Chart summarising the area of houses in Mexico from 2013 to 2017 [54]. This chart
shows that approximately half of the houses in Mexico have an area of up to 60 m2.
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5.1.3 Input Parameters
Due to the change in location from Muscat to La Paz, the latitude ( ) of the model home and
the monthly optimum tilt angles ( ) of the PV panel were changed.   was assumed to be the
same as that of La Paz’s weather station at 24.1  [93] while   was determined using a similar
methodology as that used for Muscat (Section 3.2.2.1) as summarised in Figure 5.5.
In terms of economic benefits, the electricity bill savings benefits for both grid-connected and
grid-independent systems were calculated in a similar manner to the Muscat case study (Section
3.2.2.3) but using Mexico’s current tari↵ structure priced in Mexican Pesos (MXN). This tari↵ is
di↵erent for the winter months (November to April) and the summer months (May to October)
as shown in Tables 5.1 and 5.2 respectively [228]. Additionally, unlike Muscat, Mexico currently
has two schemes applicable to grid-connected systems for export of electricity to the grid. The
first is a net-metering scheme while the second is a net-billing scheme [229].
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Figure 5.5: Optimum tilt angle ( ) per month in La Paz. These tilt angles were then used for
the remainder of this study by assuming that   is changed manually on a monthly basis.
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Consumption Slab in kWh Tari↵ in MXN/kWh
Basic 1-75 0.793
Intermediate 76-200 0.956
Excess Over 201 2.802
Table 5.1: Residential electricity tari↵ structure in La Paz for the winter months (1st November
to 30th April) in 2016 [228].
Consumption Slab in kWh Tari↵ in MXN/kWh
Basic 1-300 0.583
Low Intermediate 301-750 0.726
High Intermediate 751-900 0.948
Excess Over 901 2.802
Table 5.2: Residential electricity tari↵ structure in La Paz for the summer months (1st May to
31st October) in 2016 [228].
In the net-metering scheme, profits from the export of electricity to the grid are calculated
using the current tari↵ structure (Tables 5.1 and 5.2). In the net-billing scheme, export profits
are calculated according to an hourly Locational Marginal Price (PML) [229]. Both schemes
are assessed in this study, however given that the PML varies drastically [229, 230], only the
minimum (0.83 MXN/kWh), average (2.30 MXN/kWh) and maximum (4.13 MXN/kWh) values
for 2016 were used to account for this variation. Finally, given that the purpose of this analysis
is comparative, an exchange rate of 1 OMR= 46.2655 MXN was used to convert the unit prices
discussed in Table 3.4 to Mexican Pesos and this rate has been assumed to remain constant
since it is di cult to predict future changes in exchange rates [231].
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5.2 Technical Results
5.2.1 Supply vs Demand
Before determining whether an individual dwelling in La Paz can become grid-independent,
it is necessary to understand whether power supply from roof-top PV panels can ever exceed
demand. Figure 5.6(a), shows how the annual Em/m2 from roof-top PV increases as the roof
area coverage,  , increases. The error bars show how Em/m2 would vary as PVD changes
between 0% and 2.5% [138]. This chart clearly shows that at the median PVD of 0.7% supply
can exceed demand when 28% of the roof is covered. However, this value can go as high as 46%
when PVD=2.5%.
Once the   needed for supply to exceed demand was determined, the monthly variations of
Em/m2 and ED/m2 at  =28% and PVD=0.7% were determined and presented in Figure 5.6(b).
Additionally, the error bars show how the value of Em/m2 at  =28% would vary as PVD changes
between 0% and 2.5%. This chart shows that for six months of the year, from January to June,
supply exceeds demand. For the rest of the year, demand exceeds supply, notably during the
summer and early autumn months (i.e., from July to December). This peak in demand is
greatest in July and August when the ambient temperature is highest (Figure 5.1) resulting in
an increased demand for air-conditioning [224].
5.2.2 One Year Grid-Independent: Changing PVD and BSD
Following the assessment of Em/m2 versus ED/m2, the potential of an individual dwelling in
La Paz to become grid-independent was examined. It must be noted that in this study, grid-
independent status was defined as the point at which no power is imported from or exported to
the grid (Pgrid=Pexp=0). This was initially achieved by determining the characteristics needed
for a system; which starts running with a battery on the 1st of January mid-day and runs for
one year, to become grid-independent. The specific year chosen in this assessment was the final
year of the project (i.e., at n=N-1) since the system is at its most degraded state in the final
year. This choice is necessary since the roof area coverage needed to become grid-independent
in the final year is the minimum needed by the system to cover demand throughout its lifetime.
Therefore the characteristics determined in this assessment include the roof area coverage ( GI)
and the battery size (CGI) needed to be grid-independent for one year as well as the battery’s
initial state of charge (SOCinitial). The impact of changing PVD and BSD on  GI and CGI is
shown in Figure 5.7.
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Figure 5.6: Graphs showing if solar PV supply in La Paz can exceed demand at the median PVD
of 0.7%. The error bars show how Em/m2 would vary as PVD changes between 0% and 2.5%
[138]. (a) Graph showing the change in annual Em/m2 and ED/m2 with  . This graph shows
that at the median PVD of 0.7%, Em can exceed ED at  =28%. However, this value can go
as high as 46% when PVD=2.5%. (b) Graph showing monthly Em/m2 and ED/m2 at  =28%.
This graph shows that for six months of the year (i.e., from January to June), Em exceeds ED
while for the remaining six months, demand exceeds supply. This peak in demand is greatest
in July and August when the ambient temperature is highest resulting in an increased demand
for air-conditioning [224].
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Figure 5.7: Graphs showing the impact of changing PVD and BSD on the grid-independent
system characteristics in La Paz for year n=N-1 where (a) shows how  GI is impacted and
(b) shows how CGI is impacted. These charts indicate that while both PVD and BSD have
an impact on minimising  GI, they have a minimal impact on CGI when compared to Muscat
(Section 4.1.2); where CGI increases slightly when BSD is reduced. This is due to La Paz’s less
varied demand profile. Therefore, in order to reduce the grid-independent system size in La Paz,
PVD needs to be reduced but a balance in BSD needs to be found whereby both  GI and CGI
are minimised.
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From Figure 5.7(a), it can be seen that the minimum   needed to achieve grid-independent
status is larger than the 28% determined in Section 5.2.1. This is mainly due to the fact that
Section 5.2.1 does not take into consideration losses due to the inverter, charge controller and
battery. Therefore, at the current PVD of 0.7% and BSD of 5%, grid-independent status at year
n=N-1 can be achieved with a pre-charged battery (SOCinitial=31%) when  GI=30% and CGI=5
kAh. The need for the battery to be pre-charged is due to the fact that the irradiance in the first
days of January is not high enough to cover future demand. It can further be observed that while
both PVD and BSD have an impact on minimising  GI, they have a minimal impact on CGI
when compared to Muscat (Section 4.1.2); where CGI increases slightly when BSD is reduced
as shown in Figure 5.7(b). The impact of PVD and BSD on  GI is due to the fact that these
variables impact the amount of power available for use. Thus, the higher PVD and/or BSD, the
larger the power losses which means additional power is needed to be produced, therefore  GI
is higher.
On the other hand, the minimal impact of PVD and BSD on CGI can be explained through
separately understanding the impacts of PVD and BSD on CGI. Given that battery size is
determined by a balance in the amount of charge the battery is required to supply as well as the
charge the battery is required to store, the demand profile of a home plays an important role in
determining battery size. Therefore, although the monthly demand in La Paz varies as shown
in Figure 5.6(b), this variation is not as drastic as in Muscat (Figure 4.1(b)); where summer
demand increases by up to six times. Therefore, the grid-independent system in La Paz does not
need to initially produce and store a large amount of charge to satisfy future demand, resulting
in a battery that can accommodate additional charge due to a reduction in BSD. Additionally,
since a reduction of PVD results in a reduction in  GI but maintains the amount of energy
produced, its impact on CGI is minimal. Finally, these results indicate that in order to reduce
the grid-independent system size in La Paz, PVD needs to be reduced but a balance in BSD
needs to be found whereby both  GI and CGI are minimised.
5.2.3 One Year Grid-Independent: Changing Solar PV E ciency (⌘ref)
The analysis of the previous section assessed the impact of changing PVD and BSD on  GI and
CGI. This section assesses the impact of changing the solar PV e ciency (⌘ref) with results
illustrated in Figure 5.8, where increasing ⌘ref from its current 12% value to the Shockley-
Queisser limit of 33% [203] reduces the roof area coverage by about 60%. Although more
e cient solar panels tend to be more expensive [204], PV prices are impacted by various other
factors such as economies of scale and automation. Therefore, if the prices are assumed to
remain the same, this in turn would mean a 60% reduction in PV capital costs.
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Figure 5.8: Graph showing the impact of changing the solar PV e ciency (⌘ref) of a grid-
independent system in La Paz from its current 12% to the Shockley-Queisser limit of 33% on
 GI [203]. This chart clearly shows that increasing ⌘ref could reduce  GI by up to 60%.
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5.2.4 One Year Grid-Independent: Di↵ering Installation Dates
In order to assess the impact of battery installation dates on grid-independent system char-
acteristics as compared to January, three di↵erent points of year n=N-1 (March, July and
September) were chosen. As can be seen from Figure 5.9, it is not possible to start running the
grid-independent system in La Paz with an empty battery as explained in Section 5.2.2. Addi-
tionally, although the time you install and start running the grid-independent system impacts
the battery’s level of pre-charge (SOCinitial), it does not impact the battery’s size (CGI). There-
fore installing the system in January requires a pre-charged 5 kAh battery at SOCinitial=31%
whereas installing it in July requires an SOCinitial of 93%. These results are di↵erent from the
results found for Muscat (Section 4.1.4), where the battery’s size is impacted by the installation
date. This can be explained by comparing the demand profile of La Paz (Figure 5.6(b)) with
that of Muscat (Figure 4.1(b)) where the monthly variation in demand impacts the level of
pre-charge (SOCinitial) yet the moderate nature of this variation in demand in La Paz results in
an unchanged battery size.
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SOCinitial=31% 
χGI=30% 
CGI=5 kAh 
March 
SOCinitial=54% 
July 
SOCinitial=94% 
September 
SOCinitial=61% 
χGI=30% 
CGI=5 kAh 
χGI=30% 
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χGI=30% 
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Figure 5.9: Image depicting the battery specifications needed to achieve grid-independent status
in La Paz at four di↵erent installations dates of year n=N-1; January, March, July and Septem-
ber. This image indicates that it is not possible to start running the grid-independent system
in La Paz with an empty battery. Additionally, although the time you install and start running
the grid-independent system impacts the battery’s level of pre-charge (SOCinitial), it does not
impact the battery’s size (CGI).
5. Techno-Economic Assessment of Residential Roof-Top PV Systems in La Paz, Mexico 101
5.2.5 Five Year Grid-Independent
All previous analyses considered how to achieve grid-independent status by running the system
for one year. However, given that the battery is assumed to have a lifetime of five years, it is
important to determine the point at which the system achieves grid-independent status whilst
running continuously for five years. Since the previous assessment considered the final year of
the project, the five years chosen in this assessment are the final five years of the project (i.e.,
from n=N-5 to n=N-1). By simulating a system that starts running on the first day of January,
mid-day for five years, it is clear that there is an annual variation in SOCinitial as shown in
Figures 5.10, where in the first year SOCinitial builds up reducing the available storage space and
in the consecutive years, SOCinitial reduces due to an increased annual discharge range. This
reduction in SOCinitial is due to PVD, since every year, the PV panel produces less power causing
the battery to discharge slightly more power in order to satisfy the demand. When PVD=0%,
this decline in SOCinitial does not exist. Since increased charge/discharge ranges put a strain
on battery lifetime [151], it can be concluded that increased PVD impacts the lifetime of the
battery. Additionally, given the fact that the PV panels are less degraded in the previous years
implies that for  GI=30%, excess energy is produced. This combination of factors indicate that
a 5 kAh battery is not big enough to achieve grid-independent status and therefore a bigger
battery is needed (CGI=7 kAh) in order to be as independent from the grid as possible.
5.2.6 Twenty Year Grid-Independent
The analysis in Section 5.2.5 looked at sizing the grid-independent system for the final five years
of the system lifetime. Given that the grid-independent system is assumed to have a lifetime, N,
of 20 years (Table 3.4), the batteries should be expected to be replaced four times (i.e., at n=0,
n=5, n=10 and n=15). Assuming  GI remains at 30% throughout the system lifetime, Pm will
reduce annually due to PVD. Therefore the battery size, CGI, for the first five years will be higher
than that for the final five years due to the excess power produced. This is shown in Figure
5.11 which shows the minimum battery sizes needed for the system to be grid-independent at
four di↵erent points within its lifetime. This chart also shows how the state of charge (SOC)
of the batteries changes in 20 years depicting clearly how the battery discharge range increases
annually due to PVD.
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Figure 5.10: Image depicting the annual variation of SOCinitial of a 5 kAh grid-independent
system in La Paz that runs in the final five years of the system lifetime (i.e., from n=N-5 to
n=N-1). This image shows that when the grid-independent system runs for more than one year,
there is an initial build up in SOCinitial thereby reducing the available storage space. After the
first year, SOCinitial reduces slightly on an annual basis due to an increased discharge range.
This reduction in SOCinitial is due to PVD, since every year, the PV panel produces less power
causing the battery to discharge slightly more power in order to satisfy the demand. When
PVD=0%, this decline in SOCinitial does not exist. Since increased charge/discharge ranges put
a strain on battery lifetime [151], it can be concluded that increased PVD impacts the lifetime
of the battery.
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Figure 5.11: Graph showing the minimum CGI needed for the system in La Paz to be grid-
independent at four di↵erent points within its 20 year lifetime (i.e., at n=0, n=5, n=10 and
n=15). The change in SOC of the batteries throughout the 20 years is also shown by the blue
line. From this chart it can be seen that as n increases, CGI decreases and battery discharge
range increases. This is mainly due to the reduction in Pm and therefore excess power over
the years due to PVD causing the battery to discharge more power annually in order to satisfy
demand.
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5.3 Economic Results
Following the technical assessment of the grid-independent PV system, the economic feasibility
of such an investment was assessed and compared to the economic feasibility of a similar grid-
connected system which exports any surplus power to the grid.
5.3.1 Grid-Connected System vs Grid-Independent System
Figure 5.12 compares the NPV of a grid-connected system in La Paz with that of a grid-
independent system. In addition, the impacts of increasing PV e ciency, ⌘ref, to 33% and
reducing PVD and BSD to 0% are shown in Figure 5.12. It must be noted that these results
are for a system which is assumed to start running in January, mid-day. The battery sizes for
the grid-independent system at PVD=0.7% and BSD=5% are those summarised in Figure 5.11.
However, for PVD=0%, the grid-independent system was modelled with a battery size that did
not change at CGI=5 kAh. Furthermore, given that the cost of batteries is expected to decrease
exponentially over the years at an annual rate ranging between 8-14% [205–207], the cost of
the batteries was assumed to reduce annually by 11%. Additionally, in order to allow for the
comparison with other power generating technologies, the levelised cost of electricity (LCOE) is
shown in Figure 4.7 for both grid-connected and grid-independent systems [208].
As can be seen from Figure 5.12, it is clear that both grid-connected and grid-independent
systems in La Paz are not feasible since the NPV remains negative throughout the system
lifetime, even when ⌘ref is increased and PVD and BSD are decreased. This is similar to the
results found for Muscat (Section 4.2.1) and can be explained by comparing Mexico’s residential
electricity price with the rest of the world (Figure 1.2). At 7.57 US cents per kWh [35, 36],
the electricity price in Mexico is lower than the global average of 12.30 US cents/kWh. This
indicates that although Mexico’s electricity price is three times higher than Oman’s electricity
price [34], it is not high enough to make the benefits that come from PV investments out-weigh
the costs. Secondly, due to the high battery costs which form over 96% of the total system
cost, grid-independent systems in La Paz are approximately 40 times more infeasible than grid-
connected systems. Finally, due to Muscat’s high solar irradiance as well as the assumption of a
maximised solar PV output, as described in Section 5.1.3, the LCOE for grid-connected systems
was calculated to be 26-57% lower than that generally reported for solar PV systems [209, 210]
and 14% lower than that calculated for Muscat (Section 4.2.1) mainly due to a smaller system
size. However, given the high battery costs, the LCOE of grid-independent systems was found
to be over fifteen times higher than any other power generating system [209, 210].
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Figure 5.12: Graph showing the NPV of a grid-connected system vs a grid-independent system
in La Paz. The dotted lines show the impacts of increasing ⌘ref to 33% and reducing PVD and
BSD to 0%. Additionally, in order to allow for the comparison with other power generating tech-
nologies, the levelised cost of electricity (LCOE) for both grid-connected and grid-independent
systems is shown. From this chart it is clear that at current electricity prices both grid-connected
and grid-independent systems are not feasible since the NPV remains negative throughout the
system lifetime.
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5.3.2 Increasing Electricity Prices
Given that low electricity prices is one reason behind why roof-top PV systems in La Paz are
not feasible, the next step is to assess the impact of increasing the electricity price on both
grid-connected systems and grid-independent systems. In this assessment, the structure of the
electricity tari↵ was assumed to remain the same as in Tables 5.1 and 5.2 while any increase was
assumed to be a multiple of the same tari↵ structure. For grid-connected systems, the benefits
from power exported to the grid was calculated using the current tari↵ structure or its multiple
during price increases, consistent with Mexico’s net-metering scheme. Additionally, given that
Mexico has a net-billing scheme for the export of electricity to the grid by residential users as
discussed in Section 5.1.3 [229], the minimum, average and maximum Locational Marginal Prices
(PML) were used to provide additional insight on the feasibility of grid-connected systems in La
Paz.
Figure 5.13 shows the impact of increasing the electricity price in La Paz in order to achieve a pay-
back period of ten years for both grid-connected and grid-independent systems. Additionally,
the impact of introducing a minimum, average and maximum PML for grid-connected systems
in La Paz is shown. From this chart it is clear that increasing the price of electricity to 4.14
times the current tari↵, at an average price similar to that of Austria (Figure 1.2) [13, 34], makes
the system feasible with a pay-back period of ten years. Moreover, it is clear that Mexico’s net-
billing scheme makes grid-connected systems in La Paz feasible with a pay-back period of less
than 15 years as shown by the impact of the average PML price in Figure 5.13(a). This indicates
the importance of government policies in promoting the uptake of grid-connected systems. On
the other hand, given that grid-independent systems have significantly larger up-front costs, the
increase in electricity price needed to break-even is much higher than that for grid-connected
systems, with an increase of 189.61 times the current tari↵ in order to achieve a pay-back period
of ten years. This tari↵ is over 35 times higher than most countries in the world indicating that
an increase in electricity price alone is not enough to make grid-independent systems feasible
in La Paz [34]. Finally, although the e↵ects of increasing electricity prices under an ideal
scenario (PVD=0%, BSD=0%, ⌘ref=33%) are not shown in Figure 5.13, it was found that they
do reduce the amount of price increases needed; 1.98 for grid-connected systems and 73.31 for
grid-independent systems.
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Figure 5.13: Graphs showing the impact of (a) increasing the electricity price (dashed black line)
to achieve a pay-back period of ten years (net-metering scheme), and introducing an average,
minimum, and maximum PML (green lines) for grid-connected systems in La Paz (net-billing
scheme). The impact of increasing the electricity price to achieve a pay-back period of ten years
for (b) grid-independent systems in La Paz is shown by the dashed red line. This chart shows
that for grid-connected systems to have a pay-back period of ten years, the price must increase
by 4.14 times its current tari↵, at an average price similar to that of Austria [34]. On the
other hand, grid-independent systems require a significantly larger price increase (189.61 times
the current tari↵) indicating that an increase in electricity price alone is not enough to make
grid-independent systems feasible in La Paz. Additionally, the average PML price results in a
pay-back period of less than 15 years highlighting the feasibility of Mexico’s net-billing scheme.
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5.3.3 Technology Cost Reduction
In addition to the impacts of increasing electricity prices, this section explores the impacts
of reducing technology cost, mainly the two most expensive technologies (PV and battery),
on the economic feasibility of residential roof-top PV systems where Section 5.3.3.1 evaluates
technology cost reduction impacts on grid-connected systems in La Paz and Section 5.3.3.2
evaluates technology cost reduction impacts on grid-independent systems in La Paz.
5.3.3.1 Grid-Connected System
Figure 5.14 shows the combined impact of increasing electricity prices by up to five times and
reducing the unit cost of the PV panel (UCPV) on the internal rate of return (IRR) of grid-
connected systems in La Paz. The international electricity prices corresponding to the price
increase factors based on Figure 1.2 are marked. Additionally, the IRR needed for these in-
vestments to become feasible for a private investor at IRR=13% (red-line), a pension fund at
IRR=8% (black-line) and the government at IRR=4% (blue-line) are marked. These IRR values
were based on values chosen by Mac Dowell and Fajardy [211], where it was argued that in the
case of public capital, an acceptable IRR would be of the order of 4-6% whereas in the case
of private capital, the IRR would be of the order of 10-14%, if not more. Given that pension
funds are neither completely public nor private, their IRR was assumed to be in the range of
7-9%. From this figure it is clear that in addition to the phasing out of subsidies and therefore
increasing electricity prices, reducing the cost of the PV plays a significant role in increasing the
feasibility of grid-connected systems in La Paz. Although at the current tari↵ large reductions
in UCPV are needed to make grid-connected systems feasible, combined with increasing electric-
ity prices, the reduction in UCPV doesn’t necessarily need to be large; where a 20% reduction
makes grid-connected systems attractive to private investors when the electricity price in La
Paz is lower than Spain’s average. Given that PV costs are forecast to drop by 10-23% per year
within the next fifteen years due to factors such as the reduction in the price of poly-silicon, im-
provements in technology and increases in industry investment [212, 213], these results indicate
that these factors should be su cient to drive PV costs to levels that enhance the feasibility of
grid-connected systems in La Paz.
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Figure 5.14: Chart showing the combined impact of increasing electricity prices by up to five
times and reducing the unit cost of the PV panel (UCPV) on the internal rate of return (IRR)
of grid-connected systems in La Paz. The international electricity prices corresponding to the
price increase factors based on Figure 1.2 are marked. Additionally, the IRR needed for these
investments to become feasible for a private investor at IRR=13% (red-line), a pension fund at
IRR=8% (black-line) and the government at IRR=4% (blue-line) are marked. From these charts
it is clear that reducing the cost of the PV plays a significant role in increasing the feasibility of
grid-connected systems in La Paz.
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5.3.3.2 Grid-Independent System
Figure 5.15 shows the combined impact of increasing electricity prices, reducing the unit cost of
the PV panel (UCPV) and reducing the unit cost of the battery (UCBatt) on the internal rate of
return (IRR) of grid-independent systems in La Paz. For comparative purposes, the tari↵ was
increased to the price of other countries based on Figure 1.2 including the USA, UK, Spain and
Germany. The maximum UCBatt considered was 5% of the current UCBatt since anything above
5% was found to result in negative IRRs. Additionally, the IRR needed for these investments to
become feasible for a private investor at IRR=13% (red-line), a pension fund at IRR=8% (black-
line) and the government at IRR=4% (blue-line) are marked. This chart confirms that increases
in the electricity price makes grid-independent systems more feasible in La Paz. Additionally, it
shows that although a reduction in PV cost increases the feasibility of grid-independent systems,
it is the reduction in battery cost that has a more significant impact on the feasibility of grid-
independent systems since battery cost constitutes 96% of the total cost of grid-independent
systems in La Paz.
Furthermore, unlike Muscat (Section 5.3.3.2), grid-independent systems can become feasible in
La Paz at the current electricity price when both UCBatt and UCPV are decreased significantly
by up to 98%. Although this is unrealistic, this highlights the e↵ects of higher electricity tari↵s
on the feasibility of grid-independent systems. Combined with an increase in electricity price to
that of Germany’s average, grid-independent systems can become economically feasible in La Paz
if the battery price drops by 95-96% (i.e. 4-5% of UCBatt). This is equivalent to 6-8 USD/kWh
and is slightly higher than the price reduction needed for Muscat when electricity tari↵s are
increased to those of Germany (Section 5.3.3.2). However, since this di↵erence is very small it is
considered negligible and is attributed to small di↵erences in the electricity tari↵ increase factors
as well as the tari↵ structures used for both Muscat and La Paz. What this indicates is that
although the impact of demand per household on the practical feasibility of grid-independent
systems is significant, its impact on the economic feasibility is negligible, unlike electricity prices
and PV and battery costs. This is due to the fact that although a smaller demand per household
results in smaller upfront costs, it also results in smaller bill saving benefits making its impact
on the overall profitability of the investment negligible. Finally, when comparing the required
UCBatt to those forecast by Schmidt et al [19], where battery packs are forecast to drop to 175
± 25 USD/kWh once 1 TWh of capacity is installed, it is clear that increased production and
economies of scale are not enough to achieve such price reductions and that further research in
technology innovation is necessary.
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Figure 5.15: Chart showing the combined impact of increasing electricity prices, reducing the
unit cost of the PV panel (UCPV) and reducing the unit cost of the battery (UCBatt) on the
internal rate of return (IRR) of grid-independent systems in La Paz. For comparative purposes,
the tari↵ was increased to the price of other countries based on Figure 1.2 including the USA,
UK, Spain and Germany. The maximum UCBatt considered was 5% of the current UCBatt since
anything above 5% was found to result in negative IRRs. Additionally, the IRR needed for
these investments to become feasible for a private investor at IRR=13% (red-line), a pension
fund at IRR=8% (black-line) and the government at IRR=4% (blue-line) are marked. This
chart confirms that increases in electricity price make grid-independent systems more feasible in
La Paz. Additionally, it shows that although a reduction in PV cost increases the feasibility of
grid-independent systems, it is the reduction in battery cost that has a more significant impact
on the feasibility of grid-independent systems since battery cost constitutes 96% of the total
cost of grid-independent systems in La Paz. However, combined with an increase in electricity
price, grid-independent systems can become economically feasible with significant reductions
in UCBatt; where increasing prices to Germany’s average requires the battery price to drop by
95-96% (i.e. 4-5% of UCBatt).
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5.4 Concluding Remarks
This analysis has confirmed that a large demand is one factor behind the practical infeasibility
of grid-independent systems in Oman. Whereas the 44 MWh/hh.year demand in Muscat meant
approximately 6000 lead-acid batteries (2.4 kWh/battery) every five years weighing over 1000
tonnes (75 kg/kWh), La Paz’s 3.4 MWh/hh.year demand means 280 lead-acid batteries weighing
50 tonnes [214]. With a higher energy density battery, such as lithium-ion, these numbers are
even lower for La Paz where only 75 batteries (8-10 kWh/battery) are needed every five years
weighing 8.4 tonnes (75 kg/kWh) [214]. However, even with a factor of twelve reduction in
demand between La Paz and Muscat, these numbers are still high where the weight of the lead-
acid batteries for La Paz is equivalent to six elephants [232] while the number of lithium-ion
batteries needed is equivalent to 16 Tesla cars or 50 Tesla power walls [233]. Furthermore, since
batteries contribute to over 96% of the total grid-independent system cost in both Muscat and
La Paz, they are the main reason behind the economic infeasibility of grid-independent systems.
These results indicates that demand reduction alone is not enough to make battery based grid-
independent systems feasible, but technological innovations that increase the battery’s energy
density and reduce the battery’s weight and cost are necessary.
Furthermore, comparing the results for both Muscat and La Paz have shown that it is not only
demand size that impacts the specifications of grid-independent systems, but demand profile.
Due to La Paz’s less varied demand profile, its battery start-up conditions throughout the year
is less varied than Muscat, where it is only the level of pre-charge (SOCinitial) that di↵ers and
not the battery size. This makes it easier to install the battery at any point of the year, which
is not the case for Muscat, since the battery size requirements change as well. Furthermore, due
to Muscat’s more varied demand profile, BSD impacts the battery size significantly, adding an
additional parameter to consider when installing grid-independent systems in Muscat. This is
not the case for La Paz, highlighting the importance of addressing demand profiles in order to
increase the practical feasibility of grid-independent systems in general.
Finally, the results for both Muscat and La Paz have shown that although grid-connected sys-
tems are not currently feasible, their feasibility is distorted by the large subsidy received by the
electricity sector in these countries. Therefore with the phasing out of subsidies and the intro-
duction of e↵ective government policies, grid-connected systems have great potential in both La
Paz and Muscat. Small reductions in PV cost as a result of increased installation capacity and
industry improvements would only make such systems more feasible in these countries.
Chapter 6
Enviro-Economic Benefits of
Residential Roof-Top PV Systems in
Muscat, Oman
The implementation of residential roof-top PV systems has the potential to create new jobs and
therefore drive economic diversification as well as reducing fossil fuel consumption for electricity
generation [31]. This has potential environmental benefits through the reduction of CO2 emis-
sions. Additionally, in the context of the main case study, this could result in national economic
benefits since the price at which gas is sold for domestic electricity generation in Oman is not
only lower than domestic industrial gas prices, but is substantially lower than international gas
prices [31, 32]. Therefore this chapter presents an approach, as summarised in Figure 6.1, for
quantifying the amount of natural gas saved (Section 6.1) and net jobs created (Section 6.2) as
a result of residential roof-top PV systems in Muscat. The impact of this natural gas saving on
CO2 emissions is then assessed (Section 6.1.1). Additionally, the benefits to Oman for exporting
this saved natural gas or redirecting it to domestic industrial projects are calculated according
to gas price (Section 6.1.2). All input data relevant to the calculations are summarised in Tables
6.1, 6.2 and 6.3. Additionally, any assumptions made are shown in Table 6.4. Finally, the results
obtained for the case study of Muscat are presented in Section 6.3 and any conclusions drawn
are discussed in Section 6.4.
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6.1 Natural Gas Saved
Replacing some of the power provided to households by conventional power plants in Oman with
power from roof-top PV systems has the potential to reduce the natural gas consumption for
electricity generation. In order to quantify the amount of natural gas saved, the amount of grid
energy saved per household for year n as a result of the roof-top PV system (Esaved,n) must first
be calculated:
Esaved,n =
Z tend,n
0
P sat dt. (6.1)
where tend,n is the time in hours at the end of year n and Psat is the amount of power provided
by the PV system to satisfy household demand. This Psat is calculated by the grid-independent
model (Section 3.1.2) and grid-connected model (Section 3.1.3) as described by Equations 3.14,
3.19, 3.27 and 3.29 respectively.
Given that Esaved,n varies annually due to changes in weather, demand as well as PV degradation
(PVD), the average annual energy saved per household, Esaved, is calculated as:
Esaved =
N 1P
n=0
Esaved,n
N
(6.2)
where N is the PV system lifetime. Esaved could then be converted to Ess, which is the average
annual energy supplied to a single home prior to transmission and distribution using Equation
6.3 below.
Ess =
Esaved
1  LTD (6.3)
where LTD is the electric power transmission and distribution loss between the source of supply
and point of distribution to consumers. According to the World Bank [234], the LTD in Oman
is 11%.
The amount of fuel used to generate electricity depends on the e ciency or heat rate (HR)
of the power plant and the heat content of the fuel [235]. The heat rate is a measure of the
e ciency of a generator and is simply the amount of energy used by an electrical power plant
to generate 1 kWh of electricity. It is calculated by dividing the BTU content of a kWh of
electricity (BTUkWh) by the e ciency of the power plant (⌘pp) [236]. Therefore;
HR =
BTUkWh
⌘pp
(6.4)
6. Enviro-Economic Benefits of Residential Roof-Top PV Systems in Muscat, Oman 116
where HR is measured in BTU/kWh and ⌘pp varies by types of generators, power plant emissions
controls and other factors [236]. For Muscat, there are only two types of gas fired power gener-
ating technologies, open cycle gas turbines (OCGT) and combined cycle gas turbines (CCGT)
[38, 237–243]. OCGTs tend to have e ciencies ranging between 30% and 42% while CCGTs are
more e cient with e ciencies between 52% and 60% [31, 244].
Given HR, the average annual amount of natural gas saved per household due to roof-top PV
system installations (NGsaved) is calculated using Equation 6.5 [245, 246].
NGsaved =
EssHR
1000000
(6.5)
where (NGsaved) is measured in mmBTU.
6.1.1 Avoided CO2 Emissions
The reduction in natural gas consumption, as quantified by the term NGsaved, has an environ-
mental benefit associated with it since it results in a reduction of CO2 emissions. Given that
the amount of CO2 emitted is a function of the carbon content of the fuel [247], the average
annual amount of CO2 emissions avoided per household (CO2avoided) as a result of roof-top PV
systems is:
CO2avoided = 0.293 CO2NGsaved (6.6)
where CO2avoided is measured in kg, the factor 0.293 converts the NGsaved value from mmBTU
to MWh and  CO2 is the CO2 emissions coe cient per fuel measured in kg/MWh. This  CO2
measures the amount of carbon dioxide produced when generating electricity with fossil fuels.
For natural gas,  CO2 is 181.08 kg/MWh [247, 248].
Key Model Inputs Value Unit Nomenclature References
Power Used to Satisfy Demand - kW per hour Psat -
Transmission and Distribution Loss 11 % LTD [235]
BTU Content of a kWh of Electricity 3412 BTU/kWh BTUkWh [236]
Power Plant E ciency 30-60 % ⌘pp [31, 244]
CO2 Emissions Coe cient 181.08 kg/MWh  CO2 [247, 248]
Table 6.1: List of key inputs used to calculate NGsaved and CO2avoided in Muscat.
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Figure 6.2: Domestic gas prices in Oman compared to the rest of the world [31, 32].
6.1.2 Natural Gas Redirection
Currently, the price at which natural gas is sold in Oman for domestic electricity generation
at 1.5 USD/mmBTU is very low by international standards as shown in Figure 6.2 [31, 32].
Given that roof-top PV systems have the potential to reduce natural gas consumption of power
plants (NGsaved), redirecting this saved natural gas to either the LNG export market or to
domestic industrial projects could provide real financial benefits to the country. According to
an analysis done by IRENA [31], evaluating the net benefits from LNG exports in Oman could
be assessed by defining two types of benefits; short term benefits and long term benefits. The
annual short term benefit per household (LNGSTNB) mainly assesses the use of Oman’s current
existing installation with spare capacity as described in Section 2.1.2. Therefore:
LNGSTNB = [(P gas   1.5)  CostST]NGsaved (6.7)
where Pgas is the price at which gas is sold for either LNG export or domestic industrial projects
and CostST are the short term costs as summarised in Table 6.2. On the other hand, the annual
long term benefit per household (LNGLTNB) examines the benefit from adding a new LNG train
to the existing three trains at the plant in ‘Al-Sharqiya’ (Section 2.1.2). Therefore:
LNGLTNB = [(P gas   1.5)  CostLT]NGsaved (6.8)
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Cost USD/mmBTU
Variable LNG Costs
1. Liquification in Existing Plant 0.6
2. Transportation 1.6
Total Variable LNG Costs 1.6
Capital Costs, Additional LNG Train on Existing Plant 0.9
Total Variable and Capital Costs 2.5
Short Term Costs (CostST) 1.6
Long Term Costs (CostLT) 2.5
Table 6.2: Standard costs in the LNG chain as defined by IRENA’s case study of Oman [31].
where CostLT are the long term costs including the capital cost from installing a new LNG train
as summarised in Table 6.2.
Given that the industrial sector in Oman receives its natural gas through pipelines [83], the
annual net benefit per household (INNB) from redirecting the saved natural gas to domestic
industrial projects is:
INNB = (P gas   1.5)NGsaved (6.9)
6.2 Net Jobs Created
It has been argued by Cameron and Zwaan [249] that generally, the deployment of renewables
has a positive e↵ect on net employment. In other words, for a given generation capacity, the
total amount of direct jobs created by renewables such as solar and wind are more than those
created from coal or gas based power generation. The term direct jobs is defined by IRENA
[249, 250] as jobs related to core activities, such as manufacturing, fabrication, construction,
site development, installation, and operation and maintenance (O&M). These jobs are relatively
easy to measure. On the other hand, renewables contribute to the creation of indirect as well
as induced jobs [249]. Indirect jobs are jobs related to the supply and support of the renewable
energy industry such as the extraction and processing of raw materials and the administration
at ministries. Some types of indirect jobs scale roughly in accordance with installed capacity
while others have less obvious linkages. Finally, induced jobs arise from the economic activities
of direct and indirect employees, shareholders and governments. These jobs are often di cult
to accurately determine [251].
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In terms of the approaches used in estimating job creation; there are two main approaches
[249]. The first are input-output (IO) or computable general equilibrium (CGE) models of
the economy and the second are those that use simpler largely spreadsheet based analytical
models. Given that the IO models require detailed knowledge of how industries link to one
another and tend to be specific to a certain country, they are not considered applicable for this
study. In the analytical approach, job creation is measured by the employment factor; which
is measured in jobs/MW [252]. Employment factors vary by technology as well as location and
can be divided into those for direct jobs and those for indirect jobs [249–257]. Due to the lack
of data availability and information on how di↵erent power generating technologies link to one
another, the newly installed PV capacity is assumed to instantaneously replace the conventional
natural gas capacity. Although this assumption is unrealistic, it provides insight on the best
case scenario. Therefore, the net jobs created per home due to the installation of grid-connected
PV systems over the system lifetime (NJCG) can be calculated using [256]:
NJCG = (JCPV   JCNG)MAX(Pm) (6.10)
where MAX(Pm) is the maximum power output in kW of the solar panel at year n=0 and is
assumed to be equivalent to the installed PV capacity. JCPV and JCNG are the employment
factors for the PV and natural gas technologies respectively and are measured in jobs/kW. The
term JCPV is assumed to include the employment factor for inverters since these are usually sold
together [191]. Given that grid-independent systems incorporate battery technologies, the net
jobs created per home due to the installation of grid-independent PV systems over the system
lifetime (NJCGI) is [256]:
NJCGI = (JCPV   JCNG)MAX(Pm) + JCBattV BCtotal (6.11)
where JCBatt is the battery employment factor measured in jobs/kWh, VB is the battery voltage
and Ctotal is the total battery size in kAh installed throughout the system lifetime. Similar to
JCPV, JCBatt is assumed to include the employment factor for the charge controller since these
technologies are usually sold together [191]. Finally, given the variation in employment factor
values, the minimum, median and maximum values are considered in this study. These values
assume domestic job creation and incorporate both direct and indirect jobs for various countries
in the world, since no employment factor values are available for Oman.
6. Enviro-Economic Benefits of Residential Roof-Top PV Systems in Muscat, Oman 120
Technology Nomenclature Unit Minimum Median Maximum References
Solar PV JCPV jobs/kW 0.5 2.7 7.6 [249, 256]
Natural Gas JCNG jobs/kW 0.95 1.15 3.87 [252–254]
Battery JCBatt jobs/kWh 0.01 0.11 0.21 [255, 256]
Table 6.3: Employment factors by technology.
6.3 Results
6.3.1 Total Annual Avoided CO2 Emissions and Net Jobs Created
Figure 6.3 shows how the total annual avoided CO2 emissions and net jobs created vary as more
villas in Muscat are covered with roof-top PV systems; whether grid-connected (Figure 6.3(a))
or grid-independent (Figure 6.3(b)). The impact of power plant e ciency (⌘pp) on avoided CO2
emissions is also shown. Given that there is no data for the total number of villas in Muscat
for the year 2013, a growth rate for villas was calculated using the number of villas in the past
decade [44] and assuming an exponential growth, similar to that of population growth [258].
From this calculation, the villa growth rate was found to be 4.92% giving a villa growth rate
expression for Muscat as described by Equation 6.12 where n=0 coincides with the year 2013.
From this expression, the number of villas in Muscat for the year 2013 was calculated to be
60,287 villas.
NVilla(n+ 10) = 36860e
0.0492(n+10) (6.12)
From Figure 6.3 it can be seen that as more homes are fitted with roof-top PV systems, there is a
general increase in avoided CO2 emissions and net jobs created. Secondly, the impact of roof-top
PV systems on avoiding CO2 emissions is greater on less e cient power plants since these plants
consume more fuel per kWh of electricity generated. Thirdly, the large range in error bars
for net jobs created highlights the great uncertainty in the employment factor data available
in the literature. This makes it di cult to predict the net impact of roof-top PV systems
on job creation; whether positive or negative. Additionally, employment factor data gives no
indication on the quality of the jobs, making it di cult to analyse the overall benefits of roof-top
PV systems on the economy. This highlights the shortcomings of the analytical models typically
used in estimating job creation and stresses the importance of developing country specific models
which posses detailed information on how industries link to one another in order to achieve more
detailed, insightful and realistic renewable net job creation estimations.
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(a)
(b)
Figure 6.3: Charts showing the variation in total annual avoided CO2 emissions and net jobs
created as more villas in Muscat are covered with roof-top PV systems where (a) shows the
impact of grid-connected systems and (b) shows the impact of grid-independent systems. The
impact of power plant e ciency (⌘pp) on avoided CO2 emissions is also shown while the error
bars highlight the great uncertainty in the employment factor data available in the literature.
This chart shows that as more homes are fitted with roof-top PV systems, there is a general
increase in avoided CO2 emissions and net jobs created.
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Comparing the impacts of grid-connected systems on avoided CO2 emissions and net jobs cre-
ated with grid-independent systems, it is clear that grid-independent systems have the poten-
tial to generate over 50 times more jobs and avoid twice as much more CO2 emissions than
grid-connected systems. Given that grid-independent systems aim to completely replace power
imported from the grid while grid-connected systems only partially replace this power, the di↵er-
ence in avoided CO2 emissions is expected. However, since a typical passenger vehicle emits 4.7
metric tonnes of CO2 per year [259], this avoided CO2 emissions, is significant, where on average,
covering 10% of the villas in Muscat with grid-connected systems is equivalent to 74,000 passen-
ger vehicles. This constitutes over 6% of the total number of registered vehicles in Oman [260].
For grid-independent systems, this number more than doubles to over 185,000 passenger vehicles
and therefore over 17% of the total number of registered vehicles in Oman [260]. Furthermore,
the large di↵erence in net jobs created between grid-connected systems and grid-independent
systems in mainly driven by the large battery size required as well as the assumption that all job
creation is local. Although such an assumption is unrealistic, it highlights the general impact
of using locally manufactured batteries with roof-top PV systems on job creation. Finally, the
possible negative impact of grid-connected systems on job creation due to the lack of batteries
in such systems and the uncertainty in employment factor data in the literature indicates that
arguments of the economic benefits of PV systems on net job creation might not be valid.
6.3.2 Net Benefits from Natural Gas Redirection
Figure 6.4 shows how the annual net benefit per household from redirecting the natural gas
saved as a result of roof-top PV installations (NGsaved) changes with gas price (Pgas) where
Figure 6.4(a) shows the net benefits from grid-connected systems and Figure 6.4(b) shows the
net benefits from grid-independent systems. All calculations are made assuming an average
power plant e ciency (⌘pp) of 45%, however error bars showing the impact of changing ⌘pp
between 30% and 60% are marked in Figure 6.4. Both the short term and long term net benefits
from redirecting to the international LNG market, as described in Section 6.1.2, are shown.
Additionally, the variation in net benefit with Pgas from redirecting to industry is shown. In
order to assist with the analysis, the prices of gas as summarised in Figure 6.2 are marked on
Figure 6.4.
From Figure 6.4 it is clear that as Pgas increases, the annual net benefit per household in-
creases, whether from LNG exports or domestic industrial projects. However, given that grid-
independent systems result in a higher NGsaved, the net benefits from grid-independent systems
are over twice as high as those from grid-connected systems. Additionally, although redirecting
to industry at the current domestic price of 3 USD/mmBTU generates a positive net benefit for
both grid-connected and grid-independent systems, this net benefit is not very large.
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Figure 6.4: Charts showing how the annual net benefit per household from redirecting the
natural gas saved as a result of roof-top PV installations in Muscat (NGsaved) changes with
gas price (Pgas) where (a) shows the net benefits from grid-connected systems and (b) shows
the net benefits from grid-independent systems. All calculations are made assuming an average
power plant e ciency (⌘pp) of 45% however error bars showing the impact of changing ⌘pp
between 30% and 60% are shown. Additionally, the gas prices summarised in Figure 6.2 are
marked. From this figure it is clear that redirecting to industry at the current domestic price of
3 USD/mmBTU does not generate a very high net benefit whereas exporting LNG to Japan at
the current prices of 13 USD/mmBTU is a more attractive option.
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This can be clearly seen by calculating the potential of the net benefit generated to contribute
to the direct subsidy received by the electricity sector. Covering 100% of villas in Muscat with
grid-connected systems and redirecting all the NGsaved to industry only covers 10% of the an-
nual 750 million USD direct subsidy provided to the electricity sector in Oman [30, 37]. For
grid-independent systems, this number is greater at 26%. What this implies is that redirecting
to industry will be more attractive when the domestic industry gas prices are higher. However,
care must be taken not to raise gas prices too much in order to continue attracting investors.
However, although exporting LNG to the USA and Canada results in a negative net benefit,
exporting to Japan at the current price of 13 USD/mmBTU is an attractive option since covering
60% of villas with grid-independent systems and redirecting all the NGsaved as LNG export to
Japan has the potential to cover 100% of the annual direct subsidy given to the electricity sector
in Oman. For grid-connected systems, this number is lower, at 36%. However, it must be noted
that since over 45% of the LNG life cycle emissions comes from the LNG production process
[261, 262], mainly liquefaction [261], the impact on global CO2 emissions of redirecting Oman’s
saved natural gas to the international LNG market must be assessed. This, however, is beyond
the scope of this study.
6.3.3 Potential to Cover PV Costs
In this section, the potential of the net benefits created from natural gas redirection to cover
solar PV costs for villas in Muscat is assessed. Figure 6.5 shows the net value, which is defined
as the di↵erence between the average net benefit generated (Section 6.3.2) and net present cost
of the PV system (Section 3.1.4); whether grid-connected or grid-independent. The change in
this value over the years, n, is calculated assuming that every new home built in Muscat is fitted
with PV systems as defined by the growth rate in Equation 6.12. At n=0, it is assumed that
10% of homes are fitted with roof-top PV systems. Additionally, given that the net benefits from
exporting LNG to the USA & Canada are negative, they are not considered in this assessment.
From Figure 6.5 it is clear that the net benefits generated from redirecting the natural gas to
industry or to the LNG export market are not enough to cover the costs of roof-top PV systems
in Muscat. However, given the significantly high cost of batteries, this is more apparent for grid-
independent systems where exporting to Japan covers less than 1.5% of the cost. Additionally,
since the cost of grid-independent systems is significantly higher than the net benefits generated
from natural gas redirection, there is not much di↵erence between the net value for Japan versus
that for domestic industry. This is not the case for grid-connected systems, where exporting to
Japan has the potential to cover over 46% of the system cost. This value would increase as PV
cost drops and could be used to subsidise the installation of grid-connected systems in Oman.
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Figure 6.5: Chart showing the change in net value, which is defined as the di↵erence between the
average net benefit generated from natural gas redirection (Section 6.3.2) and net present cost
of both grid-connected and grid-independent systems in Muscat (Section 3.1.4). The change in
net value is calculated using the growth rate in Equation 6.12 where at n=0, it is assumed that
10% of homes are fitted with roof-top PV systems. The net benefits considered are LNG exports
to Japan and UK & Germany as well as redirection to domestic industry. From this chart it is
clear that the net benefits generated from natural gas redirection are not enough to cover the
costs of roof-top PV systems in Muscat.
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6.4 Concluding Remarks
In this chapter, the benefits of implementing residential roof-top PV systems in Muscat on
natural gas savings and net job creation was assessed. The consequent impact of this natural
gas savings on CO2 emissions and the benefit from redirecting this natural gas to domestic
industrial projects or to the international LNG market was examined. It was found that the
implementation of roof-top PV systems in the residential sector of Oman could significantly
impact domestic CO2 emissions where covering 60% of villas in Muscat with grid-independent
systems is equivalent to cutting CO2 emissions from all passenger vehicles in Oman [259, 260].
Given that transport in Oman is dominated by road transport and contributes to approximately
20% of the CO2 emissions in the country [25], this number is quite significant. Additionally,
although the reduction in CO2 emissions due to grid-connected systems is smaller; where covering
100% of villas in Muscat is equivalent to cutting CO2 emissions from 68% of passenger vehicles
in Oman [259, 260], it still is quite high.
On the other hand, it was found that there is great uncertainty in the employment factor data
available in the literature where values vary greatly for a specific technology [249, 252–254, 256].
Additionally, employment factor values are dependant on location and come with an unrealistic
assumption that all job creation is local. Furthermore, they give no indication on the quality
of the jobs created making it di cult to analyse their overall benefits on the economy. This
highlights the shortcomings of spreadsheet based analytical models in estimating job creation and
stresses the importance of developing country specific models which posses detailed information
on how industries link to one another in order to achieve more realistic renewable net job creation
estimations.
Finally, it was found that redirecting the saved natural gas as LNG export to Japan at the
current price of 13 USD/mmBTU is an attractive option for Oman; where it could cover 100%
of the direct subsidy given to the electricity sector when 60% of villas in Muscat are fitted with
grid-independent systems [30, 37]. Additionally, exports to Japan have the potential to cover
46% of the cost of grid-connected systems in Muscat and could therefore be used to subsidise
grid-connected systems in Oman. However, since the cost of transport to Japan, the variation in
Japan’s gas prices and LNG life cycle emissions were not considered in this study [31, 261, 262],
further research needs to be done in order to confirm the benefits of exporting the saved natural
gas to Japan.
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Chapter 7
Conclusions and Directions for
Future Work
7.1 Conclusions
Our main conclusions regarding residential roof-top PV systems are as follows:
• Currently, in the context of the systems studied, grid-independent PV systems are not
feasible. It is only through targeting a combination of the following three factors could
such systems become feasible:
1. Demand
– Reduce energy demand per household
– Reduce the variation in annual demand profile
2. Policies
– Introduce and implement PV support policies
– Phase out any energy subsidies and increase electricity prices
3. Battery Technology
– Reduce battery cost
– Increase battery energy density
– Reduce battery weight
• Combined with a high enough electricity price, grid-independent systems can become eco-
nomically feasible with significant reductions in battery costs (>90% reductions). How-
ever, when compared to Schmidt et al’s [19] forecast in battery price reductions, it is clear
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that increased production and economies of scale are not enough to achieve such price
reductions and that further research in technology innovation is necessary.
• Although the impact of demand per household on the practical feasibility of grid-independent
systems is significant, its impact on the economic feasibility is negligible, unlike electricity
prices and PV and battery costs.
• A large variation in demand profile does not only impact battery size, but impacts battery
start-up conditions and therefore a↵ects the practicality of implementing residential grid-
independent systems.
• Due to the degradation of PV panels (PVD), the battery size requirements for grid-
independent systems changes throughout the system lifetime. Additionally, PVD impacts
the charge/discharge range of the battery putting a strain on the battery’s lifetime.
• With the appropriate electricity prices, PV costs and policies, there is great potential for
grid-connected systems in countries that are characterised with high solar irradiance such
as Oman and Mexico.
• In addition to the removal/reduction of subsidies, small decreases in the cost of PV panels
can play a significant role in increasing the feasibility of grid-connected systems. Given
that PV costs are forecast to drop by 10-23% per year within the next fifteen years due to
factors such as improvements in technology and increases in industry investment [212, 213],
these factors should be su cient to drive PV costs to levels that enhance the feasibility of
grid-connected systems.
• The implementation of roof-top PV systems in the residential sector could significantly
reduce overall CO2 emissions for a specific country, depending on the type of fossil fuel
solar PV is replacing.
• There is great uncertainty in the analytical models typically used in estimating job cre-
ation from renewable systems since employment factor data available in the literature vary
greatly for a specific technology [249, 252–254, 256], are dependant on location and come
with an unrealistic assumption that all job creation is local. Therefore, developing country
specific models which posses detailed information on how industries link to one another is
necessary in order to achieve more realistic renewable net job creation estimations.
• Redirecting the saved fossil fuel due to roof-top PV systems as export or for domestic
use could be an attractive option, depending on the country under consideration, the
international fossil fuel prices and its impact on life cycle emissions.
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7.2 Directions for Future Work
In this section, some of the limitations of our work are highlighted and recommendations for
future work are outlined.
7.2.1 Data Collection
One of the main constraints of this study is the lack of data availability primarily data on the
residential sector as well as minimal hourly weather data. This in turn has imposed limitations
on the development of the model and therefore the possibility for a more in-depth analysis of
residential roof-top PV systems; mainly grid-independent systems. Therefore Table 7.1 provides
a breakdown of the di↵erent types of residential sector data that should be collected. Addition-
ally, given that some of the weather data collected for the case studies was not up-to-date and
did not cover a period of twenty years in order to match the PV system lifetime, a system should
be in place whereby the meteorological stations are collecting up-to-date hourly data. Finally,
since humidity plays a role in influencing residential demand as discussed in Section 3.2.1.1, the
hourly data collected by the meteorological station should be expanded to include humidity.
Given that increased humidity generally reduces the e ciency of PV systems [263, 264], the
model developed in Chapter 3 could then be updated to allow for the input of hourly humidity
data.
7.2.2 Model Implementation and Development
In this section, some recommendations on how the model developed in Chapter 3 could be
implemented and developed in order to expand the assessment of residential roof-top PV systems
are outlined.
Country/Region Specific Dwelling Specific
Number of Dwellings Building Fabric
Number of Occupants Occupant Behaviour
Dwelling Archetypes Systems and Appliances
Type of Occupants Number of Occupants
Table 7.1: Breakdown of types of residential sector data.
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7.2.2.1 Model Input Data
Since the model described in Chapter 3 is applicable to any location and/or technology, chang-
ing the data input into the model allows for the assessment of various locations around the
world or within a specific country as well as di↵erent PV and battery technologies such as
amorphous-silicon PV panels or nickel-cadmium batteries [151]. This allows for the introduction
of a comparative analysis whereby roof-top PV systems in various locations could be compared.
Furthermore, the advantages and disadvantages of using di↵erent PV and battery technologies
could be assessed.
7.2.2.2 Degree of Grid-Independence
The benefits of developing the model in gPROMs is that since the model is composed of sub-
models, it allows for the introduction of new sub-models and the construction of various system
configurations. Since complete independence from the grid using batteries was found to be
practically and economically infeasible, while using no batteries in grid-connected systems was
found to have potential in countries with high solar irradiance, altering the model in order
to assess the use of batteries in varying the degree of independence from the grid would be
insightful. Not only would this allow for determining a feasible roof-top PV/battery system
that maximises fossil fuel savings, given that future investment in power is determined by peak
loads, it would allow for the evaluation of the potential of using roof-top PV/battery systems
in minimising peak loads (i.e. peak shaving).
7.2.2.3 Various Storage Technologies
Although batteries are the most common type of energy storage technologies, there are over
eight other storage technologies including fuel cells and super-capacitors that could be assessed
[265]. Small sub-models for these various technologies could be created in gPROMs and added
to the grid-independent model (Section 3.1.2) to test for their feasibility and for comparative
purposes.
7.2.2.4 Support Mechanisms for Grid-Connected PV Systems
In this study, the importance of government support policies, mainly economic instruments [266],
for the implementation of grid-connected systems in the residential sector was highlighted. Given
that there is a wide range of economic support policies that have been deployed globally such as
feed-in-tari↵s (FITs), net-metering, grants and loans [266], updating the model with the various
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PV support policies is necessary to assess the applicability of these policies for grid-connected
systems within a particular location.
7.2.3 Demand Reduction and Alteration
Since demand per household and demand profile variation have been identified as primary factors
that influence the feasibility of residential roof-top PV systems, particularly grid-independent
systems, this section recommends two methods that should be explored further in order to
assess their impacts on reducing overall demand and altering the demand profile. These are
building form and fabric and solar cooling technologies discussed in Sections 7.2.3.1 and 7.2.3.2
respectively.
7.2.3.1 Building Form and Fabric
In addition to the appliances used in households as well as the behaviour of its occupants, demand
per household could be reduced and demand profile could be altered through architectural
techniques applied to the building [111, 267, 268]. Examples of these techniques are shown
in Figure 7.1, where existing models such as Energy Plus and Building Information Modelling
(BIM) could be used in combination with the model developed in Chapter 3 to assess the impacts
of such techniques on the feasibility of roof-top PV systems.
Figure 7.1: Examples of architectural techniques used for demand reduction and alteration [269].
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7.2.3.2 Solar Cooling Technologies
Cooling demand is a major contributor to residential demand in countries that are characterised
with a high solar irradiance, temperature and humidity. Therefore, using solar energy to cover
this cooling demand could not only reduce overall demand, but could impact the annual demand
profile. However, solar cooling technologies are diverse and can broadly be classified into two
main types, those driven by photovoltaics and those that are thermally driven, as shown in
Figure 7.2 [270]. In turn, these can be divided into various categories such as absorption and
adsorption cooling technologies with various configurations and components used to drive them.
Identifying the technology type, configuration and component is dependant on the purpose of use
and the environment in which the technology will function [270]. Additionally, although there
are established components and configurations for cooling technologies in the market [270], there
are several unexplored components; especially those necessary to minimise the solar energy and
temperature inputs [116]. Therefore, in order to further explore solar cooling technologies, it is
necessary to develop models for these technologies and use these models to identify the optimum
configurations and components necessary to maximise the performance of such technologies
within a specific environment.
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Figure 7.2: Solar cooling technologies roadmap [270].
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7.2.4 Net Job Creation
In Chapter 6 it was found that there is great uncertainty in the analytical models typically used
in estimating net job creation from renewable systems since employment factor data available
in the literature vary greatly [249, 252–254, 256]. Therefore, it is recommended that in order to
assess net job creation from renewable energy systems more accurately, country specific models
must be developed which include detailed information on how industries link to one another,
an understanding of local job creation vs foreign job creation, the type and quality of the jobs
created/lost as well as the level of job loss in conventional power plants due to the implementation
of renewable energy technologies.
7.2.5 Battery Technological Innovations
In this study it was found that the key to the implementation of grid-independent systems in
the residential sector are technological innovations in battery technologies. These innovations
should target three main battery features; energy density, weight and cost. This can only
be achieved through further research that target innovation at the material level, cell level
and manufacturing level [271]. At the material level, cheaper materials that allow for higher
powers and wider state of charge ranges should be explored. At the cell level, new chemistries
and electrode designs should be investigated. Finally, at the manufacturing level, processing
technologies and manufacturing techniques require improvement [271–273].
Nomenclature
Acronyms
AC Alternating current
AER Authority of electricity regulation-Oman
BAU Business as usual
BCS Baja California Sur
BIM Building information modelling
c  Si Crystalline-silicon
CCGT Combined cycle gas turbine
CGE Computable general equilibrium
CHP Combined heat and power
CONAV I National housing commission-Mexico
COP21 21st Conference of parties
DC Direct current
DPC Dhofar power company
EOR Enhanced oil recovery
FIT Feed-in-Tari↵
GDP Gross domestic product
GHG Greenhouse gas
GTL Gas-to-Liquids
IEA International energy agency
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INDC Intended nationally determined contributions
IO Input-Output
IRENA International renewable energy agency
IRR Internal rate of return
ISIC International standards of industrial classification
LCOE Levelised cost of electricity
LED Light emitting diode
LNG Liquified natural gas
LPG Liquified petroleum gas
MECA Ministry of environment and climate a↵airs-Oman
MEDC Muscat electricity distribution company
MHEW Ministry of housing, electricity and water-Oman
MIS Main interconnected system
MOCI Ministry of commerce and industry-Oman
MOF Ministry of finance-Oman
MOG Ministry of oil and gas-Oman
MOTC Ministry of transport and communications-Oman
NGL Natural gas liquids
O&M Operation and maintenance
OCGT Open cycle gas turbine
OETC Oman electricity transmission company
OGC Oman gas company
OPWP Oman power and water procurement company
ORC Oman refinery company
ORPIC Oman oil refineries and petroleum industries company
PAEW Public authority of electricity and water-Oman
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PEIE Public establishment of industrial estates-Oman
PML Locational marginal price in Mexico’s net-billing scheme
PRODESEN National electricity system development programme-Mexico
PV Photovoltaic
RAECo Rural areas electric company-Oman
RAPS Rural areas power system
SENER National ministry of energy-Mexico
SEZA Special economic zone authority-Oman
SNL Sandia national laboratory
SPS Salalah power system
SRC Sohar refinery company
Greek Symbols
↵ Elevation angle ( )
  Tilt angle of the PV from the horizontal surface ( )
 ref Temperature coe cient (K-1)
  Proportion of roof area covered by PV modules (%)
 GI Roof area coverage needed to be grid-independent (%)
  Declination angle ( )
 C Change in battery capacity (kAh)
 t Time period (hours)
⌘coulomb Battery coulombic e ciency (%)
⌘pp Power plant e ciency (%)
⌘voltage Battery voltage e ciency (%)
⌘Cbatt Battery charge e ciency (%)
⌘Dbatt Battery discharge e ciency (%)
⌘batt Battery energy e ciency (%)
Nomenclature 138
⌘cc E ciency of charge controller (%)
⌘inv E ciency of inverter (%)
⌘m E ciency of PV module (%)
⌘ref PV module’s electrical e ciency at Tref and solar radiation of 1000W/m2 (%)
 CO2 CO2 emissions coe cient (kg/MWh)
  Latitude ( )
CGI Battery size needed to be grid-independent (kAh)
Roman Symbols
CO2avoided Average annual CO2 emissions avoided per household due to roof-top PV system
installations (kg)
Esaved Average annual grid energy saved per household as a result of the roof-top PV system
(kWh)
Ess Average annual energy saved per household prior to transmission and distribution as a
result of the roof-top PV system (kWh)
NGsaved Average annual natural gas saved per household due to roof-top PV system installations
(mmBTU)
Am Area of PV module (m2)
Ar Roof area (m2)
Benefittotal,n Sum of all benefits for year n (OMR or MXN)
BTUkWh BTU content of a kWh of electricity (BTU/kWh)
C Maximum capacity of battery or battery size (kAh)
C(t) Battery charge at time t (kAh)
C(t  1) Battery charge at time t-1 (kAh)
CC Charge input into battery during charge (kAh)
CD Charge removed from battery during discharge (kAh)
Ctotal Total battery size installed throughout the grid-independent system’s lifetime (kAh)
CostBattery Cost of battery (OMR or MXN)
Nomenclature 139
Costcc Cost of charge controller (OMR or MXN)
CostInverter Cost of inverter (OMR or MXN)
CostLT Long term costs for LNG export in Oman (USD)
CostPV Cost of PV module (OMR or MXN)
CostST Short term costs for LNG export in Oman (USD)
Costtotal,n Sum of all costs for year n (OMR or MXN)
d Day of year
ED Energy demand (kWh)
Em Energy output of PV module (kWh)
Esaved,n Annual amount of grid energy saved as a result of the roof-top PV system (kWh)
GSI Global solar irradiance on a horizontal plane (kW/m2)
GSIT Global solar irradiance on a tilted surface (kW/m2)
HR Heat rate (BTU/kWh)
HRA Hour angle ( )
IC0 Available charge current (kA)
ICmax Maximum allowed charge current (kA)
IC Actual charge current (kA)
ID0 Available discharge current (kA)
IDH Di↵use irradiance projected on a horizontal surface (kW/m2)
IDmax Maximum allowed discharge current (kA)
IDT Di↵use irradiance on a tilted surface (kW/m2)
ID Actual discharge current (kA)
I incident Incident solar irradiance measured perpendicular to the sun (kW/m2)
INH Direct normal irradiance projected on a horizontal surface (kW/m2)
INT Direct normal irradiance on a tilted surface (kW/m2)
IRT Reflected irradiance on a tilted surface (kW/m2)
Nomenclature 140
INNB Annual net benefit per household to Oman from redirecting natural gas to domestic
industrial projects (USD)
JCBatt Employment factor for battery (jobs/kWh)
JCNG Employment factor for natural gas power plant (jobs/kW)
JCPV Employment factor for solar PV (jobs/kW)
LTD Electric power transmission and distribution loss between the source of supply and point
of distribution to consumers (%)
LNGLTNB Annual long term net benefit per household to Oman from LNG export (USD)
LNGSTNB Annual short term net benefit per household to Oman from LNG export (USD)
MAX Maximum
N PV system lifetime (years)
n Age of PV system (years)
NBatt Battery absolute lifetime (years)
N inv Inverter absolute lifetime (years)
NVilla Number of villas in Muscat for year n
NJCGI Net jobs created per home due to the installation of grid-independent PV systems over
the system lifetime (jobs)
NJCG Net jobs created per home due to the installation of grid-connected PV systems over
the system lifetime (jobs)
NOCT Nominal operating cell temperature ( C)
NPB Net present benefit (OMR or MXN)
NPC Net present cost (OMR or MXN)
NPV Net present value (OMR or MXN)
PBC Battery charge power (kW)
PBD Battery discharge power (kW)
PD Power demand of residential building (kW)
P exp Power exported to the grid (kW)
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P gas Price of natural gas (USD)
P grid Power imported from the grid (kW)
P inv Power output from the inverter (kW)
Pm Power output of PV module (kW)
P sat PV generated power and battery power used to satisfy demand (kW)
P+ Surplus power in grid-independent system (kW)
PV D PV annual degradation rate (%)
r Discount rate (%)
SF Charge controller safety factor
SOC Battery’s state of charge (%)
SOC(t) Battery state of charge at time t (%)
SOC initial Battery’s initial state of charge (%)
SOCmax Battery’s maximum allowed state of charge (%)
SOCmin Battery’s minimum allowed state of charge (%)
t Time (hours)
TA Ambient temperature ( C)
T c Temperature of PV cell ( C)
T ref Reference temperature ( C)
tend,n Time at the end of year n (hours)
UCBatt Unit cost of battery (OMR/kWh or MXN/kWh)
UCcc Unit cost of charge controller (OMR/kA or MXN/kA)
UC inv Unit cost of inverter (OMR/kW or MXN/kW)
UCPV Unit cost of PV module (OMR/kW or MXN/kW)
BSD Battery self-discharge rate per month (%)
BSDh Battery self-discharge rate per hour (%)
VB Battery voltage (V)
Nomenclature 142
Units
  Degree
 C Degree celsius
Ah Amp hour
BTU British thermal units
cm2 Square centimeter
ft3 Cubic feet
hh Household
K Kelvin
kAh Kilo amp hour
kg Kilo gram
ktoe Kilo tonnes of oil equivalent
kW Kilo watt
kWh Kilo watt hour
m2 Square meter
m3 Cubic meter
mmBTU Million British thermal units
Mtonnes Mega tonnes
mW Milli watt
MXN Mexican peso
OMR Omani rial
s Second
TWh Tera watt hour
USD United States dollar
W Watt
Wh Watt hour
yr Year
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